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INTRODUCTION
The ultimate goal of this program is to understand in
detail the mechanisms by which botulinum neurotoxins (BoNT)
abrogate neurotransmitter release. Clostridial neurotoxins
act as sequence specific endoproteases to cleave specific
constituents of the synaptic vesicle docking/fusion complex
[ 1-6] . A widely held view considers that BoNTs enter cells
via receptor-mediated endocytosis. Exposure of the
holotoxin to the acidic pH of the endosomal vesicles
induces a conformational change of the dichain toxin
allowing the heavy chain (HC) to insert into the membrane
thereby forming a channel through which the light chain
(LC) protease is translocated to the cytosol where it acts
3] . This model considers a tri-modular design of the

neurotoxin protein with a receptor binding domain, a
translocation domain and a catalytic domain. Indeed, the
crystal structures of BoNT A [ 7,8] and BoNT E [ 9] have
disclosed such organization of the holotoxin and have given
impetus to dissect in molecular detail the steps involved
in intoxication. We have focused our efforts on two
enigmatic aspects of the process: (1) The mechanism by
which the HC forms the conduit for the translocation of the
LC across a membrane; and (2) the contribution of the
peptide products of BoNT protease activity on its
substrates, namely, the components of the SNARE-complex [ 1-
4] .

That channels are formed by the HC has been surmised from
evidence that the holotoxin forms channels in lipid
bilayers, predominantly after exposure to an acidic pH [ 10-
12; for review see ref. 13] . Further, a 23-mer peptide,
patterned after the sequence of an amphipathic segment of
the HC [ 659-681] predicted to self-assemble in membranes
into a conductive oligomer, was shown to form channels in
lipid bilayers [ 14] . Thus far, however, there is no
evidence for the direct translocation of the LC through the
putative channel and across the membrane. Several
outstanding issues remain to be delineated. Key among these
are the dissociation at acidic pH of the dichain toxin into
its constituent LC and HC after breakdown of the disulfide
bond linking them [ Cys429-Cys453] , the insertion of the HC
monomers into the bilayer hydrophobic core, the
oligomerization state of the HC when assembled into a
conductive channel, the requirement of a pH gradient across
the membrane, the unfolding of the LC in an acidic
environment as a requirement for its passage through a
narrow pore (the folded LC is 55 A X 55 A X 62 A, too large
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to fit through a postulated tetrameric channel of -8 A
diameter at its widest extent), the refolding of the LC in
the cytosol after its translocation. It is clear that a
channel entity would constitute a critical target for
intervention to abort the process of intoxication after
internalization of the toxin. Screening for channel
blockers continues to be a dominant aspect of the program.
Thus far, the efforts were focused on the channels formed
by the channel peptide alluded to before [HC, 659-681] . We
plan to resume this task after establishing conditions to
measure the channel activity of the isolated HC and/or the
translocation domain. The most efficacious blockers will
then be assayed for the ability to prevent the
translocation of the LC through the channel.

This brings us to the second facet of the program. The
crystal structure of a SNARE complex, a key entity involved
in the specific recognition and ultimately fusion of
synaptic vesicles with the neuronal plasma membrane was
described [ 2] . The complex is formed by the specific
interaction between segments of three proteins:
synaptobrevin-2, a vesicle associated protein, and
syntaxin-lA and SNAP-25B, two distinct proteins anchored to
the plasma membrane. The SNARE complex folds into a
parallel four-helical bundle with a left handed
superhelical twist [2,4]: two helices are contributed by a
molecule of the t-SNARE SNAP-25; the other two by
synaptobrevin and syntaxin. We synthesized three peptides
which correspond to sequences located in the syntaxin-lA H3
domain, the C-terminal domain of SNAP-25, and a conserved
central domain of synaptobrevin-2, that exhibit a high
propensity to form a minimal coiled-coil, and examined
their ability to assemble into a coiled-coil using circular
dichroism (CD) spectroscopy [ 15] . Our results with these
synthetic peptides [ 15] are consistent with the high-
resolution structure of the SNARE complex [ 2,4] . The four
helical bundle structure of the SNARE complex may bring
into juxtaposition the surfaces of the apposed vesicle and
plasma membrane bilayers to facilitate fusion. How this may
happen is not known, however, Ca2+ is required and other
proteins may catalyze and confer additional specificity to
the process [5,6].

BoNTs proteolytically cleave the three proteins of the
SNARE complex, consequently preventing vesicle fusion and
thereby abrogating transmitter release [ 3] . Our program is
focused on the cleavage fragments resulting from BoNT-

5



mediated substrate proteolysis and the emerging hypothesis
that the efficacy of BoNTs as inhibitors of neurosecretion
may arise from the synergistic action of cleaving the
substrate and releasing peptide products that disable the
fusion process by blocking specific steps of the exocytotic
cascade [ 16-18] . Indeed, synthetic peptides corresponding
to the sequences of the cleavage products of BoNT A and E
act as inhibitors of neurosecretion, and mimic several
aspects of the neurotoxin action in vitro [ 16-18] .
Accordingly, effort has been directed to achieve the stable
expression of the SNAP-25 C-terminal cleavage product of
BoNT E in mammalian neurosecretory cells and to compare its
activity with that of the expressed LC of BoNT E. As
summarized in the BODY of the report (Section 6), we have
implemented a robust assay for basal and evoked exocytosis
in PC-12 cells and demonstrated the inhibitory activity of
expressed BoNT A and BoNT E LCs on secretion of human
growth hormone, used as the marker for secretory granules.
Work in progress indicates that the conditions for peptide
expression need to be optimized in order to reach levels
commensurate with those necessary to achieve inhibition, as
was previously demonstrated for synthetic peptides
introduced into chromaffin cells after membrane
permeablization, or after microinjection into Aplysia
neurons [16-18].

BODY

Task 1: Characterization of the ion channel of BoNT A and
identification of open channel blockers.

The effort is focused on the intact HC of BoNT A
reconstituted in lipid bilayers. We have used commercially
available BoNT A HC from Calbiochem (Catalogue # 203652).
The protein is supplied in 20 mM sodium phosphate, pH 7.5
supplemented with 10 mM mercaptoethanol. This protein
exhibits a strong tendency to precipitate thereby limiting
the reconstitution strategies and the range of experimental
conditions necessary to explore the hypothesis formulated.
We are exploring the possibility of securing cDNA clones
encoding the HC in order to produce recombinant protein and
to expand the range of reconstitution modalities. In an
effort to overcome the precipitation problem we have
started collaboration with Raymond C. Stevens, who has now
moved to The Scripps Research Institute conveniently
located also in La Jolla. Stevens and his group have
produced recombinant translocation domain of BoNT A. This
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domain is -50 kDa and encompasses residues 488-872 of the
holotoxin A sequence. This segment contains the channel-
forming peptide [ 659-681] previously described by our group
[ 14,19] . It also contains the elusive "belt" [ 492-545] , a
54-residue segment that wraps around the perimeter of the
catalytic domain and, at pH 7.0, appears largely
unstructured. This segment may be critical to facilitate
the insertion of the translocation domain into the membrane
and/or sense the pH [ 8] . Removal of the C-terminal -50 kDa
binding domain may reduce the tendency of the HC to
aggregate and therefore lead to a reliable reconstitution
scheme. Accordingly, we are in the process of producing
recombinant translocation domain protein, which in due turn
will be used in bilayer reconstitution experiments. An
intriguing construct has also been designed aiming to
examine the functional role of the "belt"; this construct
is derived from the translocation domain yet it is devoid
of the "belt" and the first 44-residues. The activity of
the intact and the "belt-less" translocation domains will
be examined after reconstitution in lipid bilayers. It will
be interesting to assess if the "belt" sequence facilitates
or confers membrane insertion capabilities on the
translocation domain.

Reconstitution studies exploit the sensitivity of single
channel recordings as an assay to uncover open channel
blockers. Channel properties are characterized in terms of
changes in single channel conductance, ionic selectivity,
open channel lifetimes and open channel probability.
Several "classes" of agents have been surveyed for open
channel blocker activity based on their established
efficacy against other cation-selective channel proteins.
These have thus far included: Chlorpromazine, dizolcipine
(MK-801) and a local anesthetic derivative of lidocaine
-QX-222, all blockers of voltage-gated and ligand-gated
channel proteins, as well as the antimalarial agents,
chloroquine and quinacrine. The activity of these blockers
will be reexamined on the reconstituted translocation
domain.

A major aim consists in delineating the molecular events
involved in the dissociation of the LC and the HC, the
insertion of the HC into the bilayer and its assembly into
a functional protein conducting channel, the direct
measurement of the passage of the LC through the HC channel
presumably as an unfolded polypeptide chain, the eventual
refolding of the LC in a neutral pH environment and the
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assay of its catalytic activity after completing the
translocation steps. These studies will require the
assembly of bilayers under a pH gradient (the cis-
compartment at pH 4.8 and the trans-compartment at pH 7.4)
aiming to mimic the conditions that may be prevalent across
the endocytic vesicle. This analysis will be complemented
with a determination of the pH profile for the unfolding
and refolding of the LC. Such information is necessary to
understand if the unfolded LC is the molecular entity that
permeates across the HC channel and, if so, if it contains
the inherent ability to refold a neutral pH after the
translocation step is complete. As indicated, unfolding of
the LC in an acidic environment may be a requirement for
its passage through a pore of -8 A diameter (the folded LC
is 55 A X 55 A X 62 A), implying that refolding would occur
in the cytosol after its translocation.

Another view considers that the HC may act as a chaperonin
allowing the LC to unfold and refold inside a cavity formed
by the HC in response to the extreme pH situations, as may
occur during the transit of the toxin from the cell
exterior via the endocytic pathway and then into the
cytosol. A "chaperonin"-like activity of the HC may be
associated with its ability to form a protein-conducting
channel. Such a channel would be expected to exhibit a
large conductance compatible with a wide patent pathway for
the passage of the unfolded or partially folded LC. Testing
this model would require using the intact HC and
establishing a direct correlation between the conductance
measurements in the bilayers with the actual transfer of
the LC from one aqueous compartment to another.
Implementation of these measurements is currently are under
way.

Structure-function correlates aimed to determine reactive
sites within the conductive pathway will be examined using
our molecular model of the pore-forming structure [ 14] as
well as the 3.3 A structure obtained by the Stevens group
[81 . It is anticipated that this analysis may yield
insights into the structure of the binding pocket formed by
the HC oligomeric pore and may outline the profile of the
channel through which the LC may be translocated. This
template structure may provide useful guidelines to
optimize the design of pore blockers.

Two practical obstacles have hampered this facet of the
program. The first concerns the availability of purified,
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isolated HC and LC and the labile nature of the isolated
chains. We have now collected cDNA clones for the LC of
BoNT A (E. Johnson, University of Wisconsin) and BoNT E
(Heiner Niemann, Medical School, Hannover, Germany) and we
are producing recombinant LC. However, thus far, we have
not secured clones for the HC; a request has been sent to
Dr. B. Singh, University of Massachusetts Dartmouth) [20]
to this effect. The second is associated with the
recruitment of appropriately trained and committed
personnel. Dr. Lilia Koriazova has recently joined the
program. She is currently under training in the specific
techniques required and implementing other components of
the program, as described.

Task 2: Role of the peptide products of BoNT protease
activity on neurotransmitter release.

Many studies in the past two years have examined SNARE
assembly and inhibition of complex formation by these
toxins in relation to the kinetics and regulation of
exocytosis [ 21-24] . In this laboratory, in-vitro studies
were performed examining the activity of these toxin
cleavage products as potential inhibitors of exocytosis
[ 16-18] . The 26 amino acid C-terminal peptide released by
cleavage of SNAP-25 with BoNT E was introduced into
permeabilized chromaffin cells as well as Aplysia neurons
to study the impact on neurotransmitter release. It was
concluded that the peptide, termed ESUP, inhibits vesicle
docking and thus exocytosis by competing with SNAP-25 for
coil formation within the SNARE complex. From these
studies the question arose:

How does the stable expression of the SNAP-25 C-terminal
cleavage product of BoNT E modulate neurosecretion in
mammalian neurosecretory cells?

Approach: The 26-mer C-terminal fragment of SNAP-25 was
subcloned into a mammalian expression vector, transfected
into neurosecretory cells and the impact on exocytosis
assessed.

Cloning: PCR primers were designed in order to clone the
desired region of SNAP-25 into pCDNA3.1/ CTGFP-TOPO , a
PCR cloning vector from Invitrogen with a C-terminal GFP
(green fluorescent protein) fusion tag. Reverse primers
were designed to generate either fused or unfused protein
products within the vector. Fragments encoding 26 as well
as 36 amino acids of the SNAP-25 C-terminus were cloned
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with the idea that a longer fragment of the coil may
exhibit a higher propensity for complex formation.
Additionally, fragments encoding the C-terminal 26 and 36
amino acids of SNAP-25 were PCR cloned into pCR3.I-Uni,
another Invitrogen mammalian expression vector (see
Appendix 3, vector maps).

As positive controls for inhibition of exocytosis, LCs from
BoNT A and E were also PCR cloned into pCDNA3.1/CTGFP-TOPO
vector. Light chain A was only cloned in an unfused
configuration to the GFP tag, but LC E was designed to be
either fused or unfused (Stop) to the C-terminal GFP.
Restriction and sequence analysis were used to confirm the
identity of clones, and a good open reading frame was
determined by entering the nucleotide sequence into ORF
(NIH website program). Please see Appendix 1 (Primer sets)
and Appendix 2 (Inventory of clones)

Cells: PC12 cells acquired from ATCC were cultured at
37 0 C, 5% C02 , 80-90% humidity in high glucose DMEM
(Biowhittaker) supplemented with 2 mM Glutamine, 10% Horse
serum, 5% fetal bovine serum, fungizone and
penicillin/streptomycin. One trypsinization step was
required early in culture to disperse the cells, after
which trituration through a 26 1/2 gauge needle was
sufficient to disperse cells prior to plating.

Plating cells: 12-well tissue culture plates (Corning)
were treated at least five hours and up to overnight at
37°C with 0.5-1 ml/well 0.2 mg/ml Poly-D-Lysine.
Thereafter, wells were washed twice with sterile water and
allowed to dry in the laminar flow hood. Dispersed PC12
cells were plated at a density of 0.5 - 1.0 X lOe6 cells/ml
such that the total equaled - 1.0 X 10e6 cells per well.
These were allowed to incubate overnight before
transfection.

Transfection: PC12 cells were transiently transfected with
SNAP-25 fragments as well as the light chains of BoNT A and
E. Control transfection vectors include pCDNA3.1+ and
pCDNA3.1/CTGFP. These clones were each co-transfected with
a commercially available mammalian expression vector
encoding human growth hormone (pXGH5, Nichols Diagnostics)
as a marker for regulated secretion/secretory granules. We
adopted the method of Fisher and Burgoyne [25] using
Effectene (Qiagen) as our transfection reagent. Secretion
experiments were performed 72 hours post transfection.
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For Effectene transfections, 0.1-0.2 pg pXGH5 and 0.2-1.1
pg test vector were transfected per well according to
manufacturer's instructions. The level of hGH expression
as measured by ELISA served as an index for transfection
efficiency. Because Effectene is nontoxic to PC12 cells
and the method allows for transfection in complete cell
media, the transfection mixture was left on the cells for
48 hours before changing the media. This seemed to improve
expression levels of hGH.

Secretion: Cells were stimulated to undergo exocytosis by
either depolarization with 55 mM KCl in calcium secretion
buffer [ CaSB: NaCl 150 mM, CaCI 2 2 mM, KCl 5 mM, HEPES 10
mM, pH 7.4] , or stimulation with 300 pM ATP using the
Krebs' -Ringer buffer (NaCl 145 mM, KCl 5mM, MgCl 2 1.3 mM,
NaH2 PO 4 1.2 mM, dextrose 10 mM, HEPES 20 mM, CaCI 2 3 mM, pH
7.4) [ 25] .

Secretion was performed at room temperature for 15 min,
after which the secretion supernatant was collected and
frozen at -201C. Cells were then lysed in buffer
containing 1% Triton X-100 for 15 - 30 min on a rocker and
the lysate was collected and frozen at -20'C. Samples were
stored at -20'C until assay by ELISA for hGH

ELISA: hGH ELISA was performed according to the
manufacturer (Boehringer Mannheim/Roche, cat# 1585878).
Secretion was expressed as the percentage of total hGH
released; the hGH value given for the secretion supernatant
was divided by the sum of the hGH values for supernatant
and lysate for each well.

Results:

Summarized secretion data for ATP-stimulated exocytosis are
shown below. The results indicate that in this mammalian
expression system, BoNT LC A and E inhibit exocytosis,
whereas the ESUPs tested have little if any effect.
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ATP-evoked hGH secretion in PC12 cells transiently transfected with
control vector or vector encoding BoNT LCA or LCE. Conditions were as
described in the Body of the report.

ATP-evoked hGH secretion, Control vs BoNT LCA and LCE
35%

30%/6-

o250/6-
20%

S15 0/o6.......... ...

100/0 - 111

50/6 1.2%

Contrd/basal Cxntrd/ATP LCA/based LCNATP LOE/basald LCE/AT
SD 1.2% 2.6% 1.1% 2.9% 0.6% 1.7%

E IEAN 3.3% 27.1% 2.7% 17.0%/o 1.7% 14.7%

Control, CA and LCE transfections

ATP-evoked hGH secretion in PC12 cells transiently transfected with
control vector or vector encoding ESUP26 or ESUP36. Conditions were
as described in the Body of the report.

AIP-evoked hGM secretion, Contrl vs E26 and E36

35%

300/ -1-

25%K-

*=O 150/6-

00/0

Contrd/basal Contrd/ATP E26Basal E2&'ATP E36/asal E36/ATP

ESD 1.2% 2.6% 0.3% 1.4% 1.2% 2.3%

] MEAN 3.3% 27.1% 2.8% 24.6%/a 3.5% 26.9%/a

Control, ESUP26 and ESUP36 transfections
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It is not clear why ESUPs are inhibitory when introduced as
peptides into permeabilized cells or microinjected into
neurons [ 16-18] but not when transfected as mammalian
expression clones. One explanation could be that the
quantity of ESUP produced within the cell is insufficient
to render it an effective inhibitor. In the
permeabilization studies, it took -1000-fold more peptide
than toxin to show a similar effect [ 18] . The LCs act
enzymatically and therefore may not require robust
expression levels to show activity. In addition to varying
the amount of test vector transfected into cells, attempts
were made to boost vector expression by the addition of
sodium butyrate (NaBut) to transfected cells [ 26] . While
treatment of transfected cells with NaBut increased
expression of hGH significantly, it also altered the cell
morphology and the nature of secretion. In some
experiments, the cells appeared to "fuse" into syncitial
looking "mats." In others, the secretion profiles seemed
unregulated, such that basal secretion was as high as
stimulated secretion. It is possible that NaBut
overstimulated production of hGH to the extent that hGH was
no longer secreted exclusively by the regulated exocytosis
pathway. Although NaBut treatment may be a useful tool to
boost vector expression, as yet we have not developed a
reliable protocol for treating PC12 cells with NaButyrate
without interfering with normal cell growth and secretion.

Another possibility for the inactivity of these clones is
that the peptide is not being expressed or is degraded by
the cell before reaching its target. In order to verify
peptide expression, western blotting was performed on the
secretion assay lysates using antibodies specific to the N
and C terminus of SNAP-25. Although the LC transfections
appear to block exocytosis by functional assay, we could
not detect cleaved SNAP-25 in our lysates, nor could we
detect peptide expression in the E36 transfected samples.
Given that transfection efficiencies or expression may not
be high enough to detect peptide product in the overall
cell population, immunoprecipitation assays using the SNAP-
25 antibodies will be the next effort to demonstrate
peptide expression and SNAP-25 cleavage by the BoNT LCs.
Northern blots or RT-PCR assays may be necessary in order
to confirm mRNA expression as well. Antibodies to BoNT LCs
are limited at present, but peptide antibodies are
currently being raised to various regions of BoNT LC A.
There are also preliminary functional data indicating that
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the ESUPs are expressed: cotransfection of LC and ESUP
vectors seem to show partial rescue of exocytosis. If
indeed the ESUPs in question can interfere with toxin
activity but do not themselves act as effective inhibitors
of exocytosis, it may be necessary to examine other peptide
regions and /or components of the SNARE complex as ESUPs.

In addition to transient transfection assays, we have
stably transfected PCI2s with pCDNA3.1/CTGFP, E36, E26 (2
clones) and LCA vectors. Cells were transfected with
GenePorter (GeneTherapy Systems), expression was boosted
with NaButyrate (which was discontinued due to cell
fusing), and then cells were selected over several weeks
using G418. Cell phenotype returned to normal during this
time. Cultures were maintained as a population rather than
cloning out individual cell lines. DNA was extracted from
cell samples and PCR screening was done to determine if the
cell DNA contained the transfect of interest. In general,
one primer from the vector and one primer from the cloned
insert were used. In all G418 selected cell populations
except the E26 transfected cells, a single PCR product of
the correct size was detected, indicating that the vector
had stably integrated into the cell genome. In the E26
cells, a ladder like product was generated, suggesting that
the vector has inserted in tandem or in multiple sites of
the genome. It will be necessary to confirm the identity
of the transfected cell DNA and PCR products by Southern
blotting. Digestion of the E26 PCR product with an enzyme
specific to the insert should define if the insertion is a
tandem repeat. hGH transfection and secretion experiments
are currently underway to determine the exocytotic capacity
of these cell populations. In addition, cell lysates have
been made in order to perform western blots and
immunoprecipitation assays to confirm expression of the
transfected genes. Northern blots and/or RT-PCR will also
be performed in order to confirm mRNA expression if
necessary.

As alluded to previously, the repertoire of ESUPs may be
expanded to other SNARE protein peptides, such as the
syntaxin region cleaved by BoNT C. Another candidate may
be the N terminal segment of SNAP-25 involved in the
coiled-coil SNARE complex to which Xu et al [ 24] raised
antibodies that inhibit exocytosis. However, before
embarking on further peptide design and expression, it will
first be necessary to confirm ESUP expression in our
system.
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KEY RESEARCH ACCOMPLISHMENTS

* Activation of store-operated calcium-current in Xenopus
oocytes requires SNAP-25 but not a diffusible messenger.

Depletion of Ca 2+ stores in Xenopus oocytes activated entry
of Ca 2+across the plasma membrane, which was measured as a
current Isoc in subsequently formed cell-attached patches.
Isoc survived excision into inside-out configuration. If
cell-attached patches were formed before store depletion,
Isocwas activated outside but not inside the patches. Isoc
was potentiated by microinjection of Clostridium C3
transferase, which inhibits Rho GTPase, whereas Isoc was
inhibited by expression of wild-type or constitutively
active Rho. Activation of Isoc was also inhibited by
Clostridium BoNT A and dominant-negative mutants of SNAP-25
but was unaffected by brefeldin A. These results suggest
that oocyte Isoc is dependent not on aqueous diffusible
messengers but on SNAP-25, probably via exocytosis of
membrane channels or regulatory molecules.
Cell 98:475-485 (1999)

0 Electrostatic attraction at the core of membrane fusion.
SNARE proteins appear to be involved in homotypic and
heterotypic membrane fusion events. The crystal structure
of the synaptic SNARE complex exhibits a parallel four-
helical bundle fold with two helices contributed by SNAP-
25, a target SNARE (t-SNARE), and the other two by a
different t-SNARE, syntaxin, and a donor vesicle SNARE (v-
SNARE), synaptobrevin. The carboxy-terminal boundary of the
complex, predicted to occur at the closest proximity
between the apposed membranes, displays a high density of
positively charged residues. This feature combined with the
enrichment of negatively charged phospholipids in the
cytosolic exposed leaflet of the membrane bilayer suggest
that electrostatic attraction between oppositely charged
interfaces may be sufficient to induce dynamic and discrete
micellar discontinuities of the apposed membranes with the
transient breakdown at the junction and subsequent
reformation. Thus, the positively charged end of the SNARE
complex in concert with Ca2÷ may be sufficient to generate a
transient "fusion pore".
FEBS Lett. 447:129-130 (1999)
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* Assembly of a ternary complex by the predicted minimal
coiled-coil forming domains of syntaxin, SNAP-25 and
synaptobrevin.

The assembly of target (t-SNARE) and vesicle-associated (v-
SNARE) proteins is a critical step for the docking of synaptic
vesicles to the plasma membrane. Syntaxin-lA, SNAP-25 and
synaptobrevin-2 (VAMP-2) bind to each other with high
affinity, and their binding regions are predicted to form a
trimeric coiled-coil. We designed three peptides which
correspond to sequences located in the syntaxin-lA H3 domain,
the C-terminal domain of SNAP-25, and a conserved central
domain of synaptobrevin-2, that exhibit a high propensity to
form a minimal trimeric coiled-coil. The peptides were
synthesized by solid phase methods and their interactions were
studied by CD spectroscopy. In aqueous solution, the peptides
were unstructured and showed no interactions with each other.
In contrast, upon addition of moderate amounts of
trifluoroethanol (30%), the peptides adopted an a-helical
structure and displayed both homomeric and heteromeric
interactions. The interactions observed in ternary mixtures
induce a stabilization of peptide structure that is greater
than that predicted from individual binary interactions,
suggesting the formation of a higher order structure
compatible with the assembly of a trimeric coiled-coil.
J. Biol. Chem. 273:34214-34221 (1998)

* The 26-mer peptide released from SNAP-25 cleavage by
botulinum neurotoxin E inhibits vesicle docking.

BoNT E cleaves SNAP-25 at the C-terminal domain releasing a
26-mer peptide. This peptide product may act as an
excitation-secretion uncoupling peptide (ESUP) to inhibit
vesicle fusion and thus contribute to the efficacy of BoNT
E in disabling neurosecretion. We have addressed this
question using a synthetic 26-mer peptide which mimics the
amino acid sequence of the naturally released peptide, and
is hereafter denoted as ESUP E. This synthetic peptide is a
potent inhibitor of Ca 2+-evoked exocytosis in permeabilized
chromaffin cells and reduces neurotransmitter release from
identified cholinergic synapses in in vitro buccal ganglia
of Aplysia californica. In chromaffin cells, both ESUP E
and BoNT E abrogate the slow component of secretion without
affecting the fast, Ca 2+-mediated fusion event. Analysis of
immunoprecipitates of the synaptic ternary complex
involving SNAP-25, VAMP and syntaxin demonstrates that ESUP
E interferes with the assembly of the docking complex.
Thus, the efficacy of BoNTs as inhibitors of neurosecretion
may arise from the synergistic action of cleaving the
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substrate and releasing peptide products that disable the
fusion process by blocking specific steps of the exocytotic
cascade.
FEBS Lett. 435:84-88 (1998)

* Structural stabilization of botulinum neurotoxins by
tyrosine phosphorylation.

Tyrosine phosphorylation of BoNTs augments their
proteolytic activity and thermal stability, suggesting a
substantial modification of the global protein
conformation. We used Fourier-Transform Infrared (FTIR)
spectroscopy to study the modulation of secondary structure
and thermostability of tyrosine phosphorylated BoNT A and
BoNT E. Changes in the conformationally-sensitive amide I
band of the infrared spectra upon phosphorylation indicated
alterations in the protein secondary structure; the a-helix
content increased with a concomitant decrease of less
ordered structures such as turns and random coils, and
without any change in P-sheet content. This change in
secondary structure was accompanied by an increase in the
amide II band absorbance remaining upon H-D exchange,
suggesting tighter packing for the phosphorylated protein.
FTIR and Differential Scanning Calorimetry (DSC) analyses
of the denaturation process show that phosphorylated
neurotoxins denaturated at temperatures higher than those
required by nonphosphorylated species. These findings
indicate that tyrosine phosphorylation induced transition
to higher order and more compact structure probably imparts
to the phosphorylated neurotoxins the higher catalytic
activity and thermostability.
FEBS Lett. 429:78-82 (1998)

* Structural characteristics of a 23-mer channel forming
peptide from botulinum neurotoxin type A.

A channel-forming peptide from the translocation domain of
the HC of BoNTA has been examined by CD in order to probe
transitions in secondary structure induced by environmental
variables such as solvent polarity and pH. The secondary
structure of the peptide is highly sensitive to solvent and
pH. In aqueous solution at pH 7.0, the peptide was
unstructured. In contrast, upon addition of
trifluoroethanol (up to 60%), the peptide adopted a
conformation compatible with a mixture of c-helix and V-
sheets. At pH 3.3, the peptide exhibited primarily a 1-sheet
configuration at TFE concentrations below 30%, whereas it
was primarily a-helical at TFE concentrations above 40%.
This sensitivity to pH and solvent polarity are compatible
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with the requirement of an amphipathic segment to insert
into the hydrophobic core of a bilayer. Such features are
consistent with the channel forming activity recorded after
reconstitution of the peptide in lipid bilayers and may
reflect the key contribution of this segment of the HC
towards the insertion of the translocation domain into the
bilayer core.

Protein Sci. 7: p.116, Abst. 361- (1998)

REPORTABLE OUTCOMES:
0 Research Articles and Abstracts

1. Yao, Y., Ferrer-Montiel, A.V.F., Montal, M., and Tsien,
R.Y. Activation of store-operated calcium-current in
Xenopus oocytes requires SNAP-25 but not a diffusible
messenger. Cell 98:475-485 (1999)

2. M. Montal. Electrostatic attraction at the core of
membrane fusion. FEBS Lett. 447: 129-130 (1999).

3. J. M. C~naves and M. Montal. Assembly of a Ternary
Complex by the Predicted Minimal Coiled-coil-forming
Domains of Syntaxin, SNAP-25, and Synaptobrevin. A
circular dichroism study. J. Biol. Chem. 273: 34214-34221
(1998).

4. Apland, J.P., Biser, J.A., Adler, M., Ferrer-Montiel,
A.V., Montal, M. and Filbert, M.G. Peptides composed of
carboxy-terminal domains of SNAP-25 block acetylcholine
release at an Aplysia synapse. Soc. Neurosci. Abstr. 24
(Part 1) 73, 35.1 (1998).

5. Yao, Y., Ferrer-Montiel, A.V., Montal, M., and Tsien,
R.Y., Botulinum neurotoxin A inhibits capacitative Ca2+

influx but not Ca2+ release in Xenopus oocytes. Soc.
Neurosci. Abstr. 24 (Part 2) 2030, 812.4 (1998).

6. Ferrer-Montiel, A.V., J.M. Merino, R. Planells-Cases, W.
Sun and M. Montal. Structural determinants of the blocker
binding site in glutamate and NMDA receptor
channels.Neuropharmacology 37:139-147. (1998).

7. Encinar, J.A., Fernandez, A., Ferragut, J.A., Gonzalez-
Ros, J.M., DasGupta, B.R, Montal, M, and Ferrer-Montiel-
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A. Structural stabilization of botulinum neurotoxins by
tyrosine phosphorylation. FEBS Lett. 429:78-82 (1998)

8. Byrne, M.P., Montal, M., Canaves, J. and Lebeda, F.J.
Conformational changes of a channel forming peptide from
the translocation domain of botulinum neurotoxin as
detected by circular dichroism. Protein Sci. 7: p.116,
Abst. 361-T (1998)

9. Apland, J.P., Biser, J.A., Adler, M. Ferrer-Montiel,
A.V., Montal, M., and Filbert, M.G.Peptides that mimic
the carboxy-terminal domain of SNAP-25 block
acetylcholine release at an Aplysia synapse. Biosci. Rev.
p. 1 8 4 (1998)

10.Ferrer-Montiel, A.V., Oblatt-Montal, M., Canaves, J.,
and Montal, M. Botulinum neurotoxins: Modulation of
protease and channel activities by tyrosine
phosphorylation. Biosci. Rev. p. 1 9 0 (1998)

ll.Ferrer-Montiel, A.V., Gutierrez, L.M., Apland, J.P.,
Canaves, J.M., Gil, A., Viniegra, S., Biser, J.A., Adler,
M. and Montal, M. The 26-mer peptide released from SNAP-
25 cleavage by botulinum neurotoxin E inhibits vesicle
docking. FEBS Lett. 435:84-88 (1998)

* Presentations:
1) Blanes-Mira, C., Gil, A., Llobregat, M., Fernandez-

Ballester, G., Planells-Cases, R.,Perez-Paya, E.,
Canaves, J., Gutierrez, L.M., Montal, M. and Ferrer-
Montiel, A. Modulation of SNAP-25-Syntaxin-VAMP complex
formation and stability by small peptides. Annual Meeting
of the Spanish Biophysical Society. Alicante, Spain
(1998).

2)Apland, J.P., Biser, J.A., Adler, M. Ferrer-Montiel,
A.V., Montal, M., and Filbert, M.G.Peptides that mimic
the carboxy-terminal domain of SNAP-25 block
acetylcholine release at an Aplysia synapse. U.S. Army
Medical Defense Bioscience Review. Hunt Valley, Maryland,
31 May-4 June, 1998.

3) Ferrer-Montiel, A.V., Oblatt-Montal, M., Canaves, J., and
Montal, M. Botulinum neurotoxins: Modulation of protease
and channel activities by tyrosine phosphorylation. U.S.
Army Medical Defense Bioscience Review. Hunt Valley,
Maryland, 31 May-4 June, 1998.
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4) Lebeda, F.J., Montal, M., Singh, B.R. and Byrne, M.
Structural characteristics of a 23-mer channel forming
peptide from botulinum neurotoxin type A. Interagency
Botulism Research Coordinating Committee (IBRCC).
Philadelphia, Pennsylvania, November, 1998.

5) Montal, M. Modulation of botulinum neurotoxin protease
activity by tyrosine phosphorylation. Interagency Botul
ism Research Coordinating Committee (IBRCC). Orlando,
Florida November, 1999.

* Patents and licenses applied for and/or issued:
U.S. Patent Application No. 08/819,286.
Title: PEPTIDE INHIBITORS OF NEUROTRANSMITTER SECRETION BY
NEURONAL CELLS.
Filing Date, March 18, 1997.
Inventors: Mauricio Montal, Antonio Ferrer-Montiel and
Jaume Canaves.
University of California Reference: SD 96-088

"* Degrees obtained: Not applicable.
"* Development of cell lines: In progress.
"* Informatics: Not applicable.
"* Funding applied for based on work supported by this

award: Not applicable.
"* Employment or research opportunities based on this award:

Not applicable.

CONCLUSIONS

The thrust of this program aims to identify the role of the
channel-forming domain of the HC in the intoxication
process and, ultimately, to provide a potential target for
drug intervention in the management of botulism based on
the development of BoNT-specific channel blockers. The
contribution of the cleavage products of BoNTs activity on
their substrates to the global intoxication efficacy is
also evaluated. A patent application, resulting from this
analysis, has been submitted: it embodies the concept that
the peptide products of substrate proteolysis by BoNTs can
be developed into lead compounds acting as practical
inhibitors of neurotransmitter secretion. Considerable
progress has been achieved in both fronts of the program,
as summarized in the BODY of the report and ascertained by
the published work. Outstanding issues remain to be
delineated concerning the molecular events involved in the
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translocation of the LC across membranes and the role of
the HC in the process. Similarly, expansion of the
repertoire of ESUP sequences and their efficacy as
inhibitors of neurosecretion in cells remains to be
realized. It is anticipated that this concerted and focused
program will uncover lead compounds that may be developed
into selective drugs targeted to prevent, attenuate or
relieve the neurotoxic action of BoNT.
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APPENDICES

APPENDIX 1

Primer sets used in cloning:

* ESUPsense and antisense, designed by Rosa Planells-Cases,
used to PCR TOPO clone the 36aa C-terminus of SNAP-25
(E36) into pCDNA3.1/CTGFP-TOPO, unfused. The substrate
used for PCR cloning of SNAP-25 fragments was either the
human SNAP-25 clone in pGEM vector provided by Michael
Wilson or the ESUP clones generated by Rosa Planells-
Cases in pCINeo.

ESUPsense: 5'-GGGGAATTCATGGATACACAGAATCGC-3' contains an
EcoRI site as well as a start codon. This codes for

ESUPantisense: 5'-CCCGGGTCGACTTAACCACTTCCCAGCATG-3'
contains SmaI and SalI site as well as a stop codon.
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* ESUPForXhol and ESUPRevX, designed by Natalie Gude, used

to TOPO clone E26 into pCR3.1-Uni, unfused.

ESUPForXhol: 5'-CTCGAGATGATCATGGAGAAGGCTG-3' contains XhoI

site and start codon. Note there are two possible start
sites, the second of which may have a better Kozak

sequence.

ESUPRevX: 5'-AGATCTTTAACCACTTCCCAGC-3' contains a stop

codon.

* ESUP25For, ESUP36For, ESUPRevFuse, designed by Natalie
Gude, used to TOPOclone E25 and E36, respectively, into
pCDNA3.1/CTGFP-TOPO fused to the GFP tag. Note that none
of these primers contain restriction sites.

ESUP25For: 5'-GATCATGGAGAAGGCTGATTCC-3' contains a start
codon and Kozak sequence recommended by Invitrogen. Also
included is a 5'-G to optimize addition of the A overhang
required in PCR cloning.

ESUP36For: 5'-GATCATGGATACACAGAATCGC-3' contains the same
features as ESUP25For.

ESUPRevFuse: 5'-GACCACTTCCCAGCATCTTTG-3' lacks a stop
codon and also incorporates an extra residue in order to
provide in frame fusion to the GFP tag.

* LCAFor2 and LCARev2, designed by Natalie Gude, used to
TOPO clone the LCA into pDNA3.1/CTGFP-TOPO, unfused. The
substrate used was LCA in pTrcHisA provided by Marite
Bradshaw and Eric Johnson (University of Wisconsin). A
primer allowing fusion to the GFP tag will be designed.

LCAFor2: 5'-ATGCCATTTGTTAATAAAC-3' contains a start codon
and no restriction sites.

LCARev2: 5'-TTATCACTTATTGTATCCTTTATC-3' contains two stop
codons and no restriction sites.

* LCEFor, LCERevStop and LCERevFuse, designed by Natalie
Gude, used to TOPO clone the LCE into pCDNA3.1/CTGFP-TOPO
either unfused (Stop) or fused (Fuse) . The substrate
used was LCE in pCMV5 provided by H. Niemann (Hannover,
Germany).

LCEFor: 5' -GGTACCCGGGGATCATGCC-3' contains a start codon,
partial Kozak sequence, a 5'G recommended for PCR cloning.
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Restriction sites included from the substrate include KpnI
and Sinai.

LCERevStop: 5' -GCTTACCTTATGCCTTTTAC-3' contains a stop
codon and a 51G.

LCERevFuse: 5' -GCCTTATGCCTTTTACAG-3' does not contain an
in-frame stop codon and has a 51G.

APPENDIX 2

Current inventory of clones designed for this program:

SNAP-25 in pEGEM

ESUP in pCINeo

ESUP36 in pCDNA3.l/CTGFP-TOPO unfused

ESUP36 in pCDNA3.l/CTGFP-TOPO fused

ESUP25 in pCDNA3.l/CTGFP-TOPO fused

ESUP26 in pCR3.l-Uni

LCA in pTrcHisA

LCA in pCDNA3.l/CTGF'P-TOPO unfused

LCA in pTND/V5/His unfused

LCE in pBNl7

LCE in pCMV5

LCE in pCDNA3.l/CTGFP unfused

LCE in pCDNA3.l/CTGFP fused

APPENDIX 3

Vector Maps:

pcDNA3 . 1//CTGFP-TOPO Invitrogen

pIND/V5-His--TOPO Invitrogen

PCR' 3. 1 -Uni Invi trogen

pTrcHi sA, B, C ITnvi trogen
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Vector Maps:

C=mmants forpcDNA3.1/CTGFP-TOP00157 nocleottdes ll/l• • J•

CMV pmmofet: •s 209-863
T7 promotedpdming s;l.: ba• 8C•-882
Multiple clonklg site: bas• 908;1012
TOPOTM Clon•lg "•.e: bases 953-954
GFP Re,•:rse pdm•g site: b•sos 1115.1136
GFP ORF: ba•.•es 1004-1723 PIo•..•e no•e tha•pcDNA3,1/¢TGF P, TOPO
pcONA3.1•BGH reverse priming site: bases 1745- t 762 b suppli:ed lineariz,• bezwo•n bp 053 •nd 954.
BGH polyadenylatiun sequence: b=•.ses 174B-1975 This Is the TOPOT• CI0n•g sitJ,
fl •rlgin of mplic,='=ti•x•: ba•s 2021-2449
SV4 O promofer and origin: b•s 2477-2785
Neumycin resist•ce g•e: ba•es 2860-3654
SV4Q po|yar.•rvfFdiun sequ•mc.•: bases 3830-3960
P_.'.•E1 origin: basos 4•$3-£.016 (opposite strand)
AmFtcilli• resislar,•c• gene: bases 51fil-6021 (opp•u strarldl

IPZd;]nlt'R•;I
e ..... i :>

! pcDNA3.1/ I!

CTGFP-TOPO
6,2 kb

The .•'luenc.• •:4 pcDNA3 I.•C•G FP:TC-PO h• t•.en ].•t,,mpi•led from •nfc, rmati•n in ..,,equenne dala [:,•,•,
F, ul:,fished ,.•eq.enc•s. and r•het ,•a•r¢•,•, porli•ns of th • ve•lc•r have nPA yet beP.,.n compile ,f •equ•nced,
If yo...•P.• an error in the .-=•q ,•n•e please contact Invitro0en\• T•.hn•'•J Servk•,.. Oepartmen• at

U.S. Headquarters European Headquarters
Tel: 1-800-g55.6288 Tel: +31 (0) 594 515 175
Fax: 1-760-603.7201 Fax: +3t (0) 594515312
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COMMfrtrt for ptNDiV54ls TOPO II

Ecdlysonelgiucocorticold Response Elements (Sx EW3E#) bases 12,185
Minimal Heal Shock Promoter and 5' UTR: bases 192-488
Putative Transcriptional Start: base 245
Ecdysone Forward priming site- bases 440-403
Multiple Cloning Site: bases 487-WOt
TOPO I Cloning site:. bases 554-566
VS epilope: bases 821-662
Polyhistidline tag: bases 072-809 ot~ot: The vector Is spplied Ilnearized between base
pcDN.A3.1eBGH Reverse priming site: bases 7124729 pair 554 and 555. This Is the 'I PO" Cloning site.
BGH polhadenylalion sequence: bases ?1"-42
fl origin: bases 080-1410
SV4tJ promoter and origin: bases 1466-1752
Neomycin resistance gene 01W: bases 1927-2821
SV40 pulyadenyltaion sequence: bases 2707-282?
CoIEl ofigin: bases 33 ib-53it
Amptiltlin resistance gene ORF. bases 41281-4018a

pIND/VS-N
His-TOPO

5.1 kb

A.1 8G508

The Sequence of PINi)N54fls.TOPO has been compiled from Inlormation in sequence databases, published
se-que nces, and other sources. These vaecors have not been completely seque nced. If you suspect an error in
the sequenaxs. please contact I nvirogen's Technical Services Department

U.S. Headquarters European Headquarters
Tel: 1-800-956-6288 Tell: +31 (0 9415 175
Fax: 1-760-603-7201 Fax: +31 5)9461 5312
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pCRX3. IbUni
5.O kb
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Comments for pTrc*1is 8: If e
4404 nudeoitides w

Trc prcmoter: bme" 191 -221
Iscoperoetag; bases 22-249
rrnB eatitembinabon s*uences: bases 204-30
T7 terre 10 b-laonsl iicneehancw bsew $340464
Riborsme bbdng sit: biAse M2074
Mbni-ctstcn, base -3893-09
P~ylt=A adotwtuckhas doawtg site: bowe 414-504
Multiple cioniag ila: bases518-654
Ampicillii resioltanc ORR: bame 1074-1034
cloaMOAF: bsesoo$4,08-43$$

_2

V.AIB.*)

The sequence cf p~clls Nus been complid from, Inkirmalon in sequence domhLtase, ptlblshd sequpnoes,
and otier .sc&zcs. Tfis vector hier not yeat been completely sequenced. If YOU supect an error in 111e se1quence.
peie c- onbel InvllrcgaerfsTediicrd Seovic-s epoarfrineni
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Activation of Store-Operated Ca2+ Current
in Xenopus Oocytes Requires SNAP-25
but Not a Diffusible Messenger

Yong Yao,* Antonio V. Ferrer-Montiel,trl and Blatter, 1997). Each of these observations is contro-
Mauricio Montal,t and Roger Y. Tsien*t§ versial. Petersen and Berridge (1995) and Gregory and
* Department of Pharmacology Barritt (1996) showed that the GTP-yS inhibition of Ca2l

tDepartment of Biology influx into oocytes could be prevented by staurosporine.
tHoward Hughes Medical Institute They concluded that the GTP-yS effect was mediated
University of California, San Diego via stimulation of kinases. The effect of primaquine has
La Jolla, California 92093-0647 been reinterpreted as direct inhibition of the Call influx

channels (Gregory and Barritt, 1996). Cytochalasin D
has no effect on capacitative Ca 2÷ entry in NIH3T3 cells,

Summary even though it blocks agonist-dependent Ca 2÷ release
(Ribeiro et al., 1997). Furthermore, none of these phar-

Depletion of Ca2+ stores in Xenopus oocytes activated macological interventions is particularly diagnostic for

entry of Ca 2. across the plasma membrane, which was exocytosis or takes advantage of our increased under-

measured as a current Isoc in subsequently formed standing of the macromolecules involved in membrane

cell-attached patches. Isoc survived excision into in- trafficking. Unfortunately, the channels that mediate ca-

side-out configuration. If cell-attached patches were pacitative Ca2+ influx have not yet been definitively iden-

formed before store depletion, Isoc was activated out- tified at the molecular level.

side but not inside the patches. Isoc was potentiated This study began as a reexamination of the diffusible

by microinjection of Clostridium C3 transferase, which messenger hypothesis. Channels gated directly by dif-

inhibits Rho GTPase, whereas Isoc was inhibited by fusible messengers should be activatable in cell-attached

expression of wild-type or constitutively active Rho. configuration, lost in excised patches, and reactivated

Activation of Isoc was also inhibited by botulinum neu- upon cramming those inside-out patches into the cyto-

rotoxin A and dominant-negative mutants of SNAP- sol of preactivated cells, as first shown for cyclic-nucleo-

25 but was unaffected by brefeldin A. These results tide-gated cation channels by Kramer (1990). Parekh et

suggest that oocyte Isoc is dependent not on aqueous al. (1993) reported analogous behavior for capacitative

diffusible messengers but on SNAP-25, probably via Ca2' entry into Xenopus oocytes, though Ca2+ entry was

exocytosis of membrane channels or regulatory mole- not directly monitored but only surmised from currents

cules. of uncertain ionic basis. Recently, we showed that store-
operated, capacitative Ca2l currents (Isoc) into whole

Introduction oocytes could be directly measured by buffering cyto-
solic Ca2l to prevent secondary currents, perfusing ex-

Ca 2
1 influx across the plasma membrane can be acti- tracellularly with isotonic Ca2l and Mg24 alternately, and

vated by depletion of intracellular Ca2l stores in many quantitating the difference in currents (Yao and Tsien,

nonexcitable cells, and it is important in activation of 1997). We have now extended this protocol to cell-

lymphocytes, exocytosis of mast cells, and other Ca 24 - attached and excised patches, hoping to solidify the

dependent physiological events (for recent reviews, Ber- evidence of Parekh et al. (1993) for a diffusible messen-

ridge, 1995; Lewis and Cahalan, 1995; Favre et al., 1996; ger. In addition, inside-out patches would be useful on-

Parekh and Penner, 1997; Holda et al., 1998; Putney and line detectors for the diffusible messenger(s) and would

McKay, 1999). The mechanism by which such "capacita- facilitate chromatographic purification and chemical

tive" Ca24 entry is activated remains controversial. Major identification. To our surprise, our patch-clamp findings

proposals include direct interaction ("conformational (see Results) argued against simple mechanisms involv-

coupling") between proteins in organellar and plasma ing reversible binding of diffusible messengers.

membranes (Berridge, 1995), diffusible messengers or We therefore sought experimental approaches that

calcium influx factors (CIFs) generated by store deple- would be more diagnostic for an exocytotic coupling

tion (Parekh et al., 1993; Randriamampita and Tsien, mechanism than those employed previously. We tried

1993; Csutora et al., 1999), metabolites of phosphoinosi- modulation of the small G protein Rho, because Clostrid-

tides, phosphorylation cascades, heterotrimeric or small ium botulinum C3 transferase, which specifically inacti-

G proteins (Bird and Putney, 1993; Fasolato et al., 1993), vates Rho through ADP ribosylation of Rho at Asn-41,

"and exocytotic insertion of vesicular channels into the was shown to increase insertion of the insulin-sensitive
plasma membrane. Previous arguments for exocytosis glucose transporter GLUT4 into the plasma membrane
have included inhibition of capacitative Ca 24 entry by in 3T3-L1 adipocytes (Van den Berghe et al., 1996). C3

intracellular GTPyS (Bird and Putney, 1993; Fasolato et transferase also increases membrane capacitance and

al., 1993), primaquine (Somasundaram et al., 1995), and externalization of sodium pumps in Xenopus oocytes, pos-
the actin-depolymerizing drug cytochalasin D (Holda sibly by blockade of constitutive endocytosis (Schmalzing

et al., 1995).

§To whom correspondence should be addressed (e-mail: rtsien@ We tested botulinum neurotoxins (BoNTs), a group of

ucsd.edu). zinc endoproteases produced by bacteria of the genus
11 Present address: Centro de Biologia Molecular y Celular, Universi- Clostridium, because they display specific activity for a
dad Miguel Hern~ndez, C/ Mon6var s/n, 03206 Elche, Spain. triad of protein components of the exocytic apparatus:
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A. whole-oocyte Ba. cell-attached giant patch Figure 1. Blockade of Activation of Store-

CaI lnsP3  lnsP3  Ca30 Operated Ca
2
l Influx by Gf1 Sealing Procedure

a - (A) Ca2
l release activated Ca

2
l influx in oo-

.... cyte recorded with two-electrode voltage

clamp. Ca
2
l influx was monitored by switch-

ing bath from Mg70 to Cal 0 where indicated

insP by heavy bars. Dotted lines in this and subse-
3 40 quent panels indicate zero current levels.

1 min I pA (Ba) Ca
2
l release failed to activate Ca

2
l influx

C. UV in preformed cell-attached giant patch. Solu-

1 min tion inside patch pipette was alternately

changed between Mg70 and Ca30 Ringer.

0.2 (Bb) A new cell-attached giant-patch re-
0.2 17 remove old patch, cording was made about 17 min after InsP 3

0.2 Bb. min form new patch injection from the same oocyte. Note that the
D. - Ca

2
l influx was recorded now in the patch

1.0 .... formed after activation of the capacitative

- 0.8 Ca
2
l influx. InsP 3 (2 mM of 25 nl) was injected

ý0 in both recordings from whole oocyte and
N patch as indicated by arrow heads in (A) and
m 0.4 0
E 0.1 V (B). Voltage ramps were repetitively applied

5 0.2 -- during the patch recording to monitor the I-V

0.0 A •curve. The corresponding transient currents
0 2 4 6 8 1 min have been blanked for clarity.

Time after 1st Ca30 application (min) (C) Ic'lca was elicited by uncaging caged InsP3
in a cell-attached giant patch. Oocyte had
been loaded with 30 nl of 10 mM caged InsP 3.

(D) Deactivation of store-operated Ca
2
l influx in cell-attached giant patches from InsP 3-loaded oocytes. Ca

2
+ influx-induced Icl.ca was measured

at V. = +50 mV and normalized to the first current amplitude. Data from five patch recordings were plotted against the time after first exposure
to Ca30, among which three were made subsequently from a same oocyte. The smooth curve was a single exponential fit with a decay time
constant of around 2 min.

a vesicle-associated membrane protein (VAMP or syn- indicated that prior formation of a gigaohm seal blocked
aptobrevin), and two plasma membrane-attached pro- the coupling mechanism between store depletion and
teins, SNAP-25 and syntaxin (Montecucco and Schiavo, Ca 2+ entry within the pipette, whereas Ca2÷ entry outside
1995). BoNT B, D, F, and G recognize and cleave VAMP the pipette activated normally.
specifically. BoNT A and E cleave SNAP-25 specifically. In a separate group of experiments, TPEN (Hofer et
BoNT Cl cleaves syntaxin. Binding of VAMP to syntaxin al., 1998) was used as an independent activator to con-
is facilitated by SNAP-25, which leads finally to fusion of firm the above curious finding. In two-electrode voltage
vesicles with plasma membrane (Calakos and Scheller, clamp recordings from whole oocytes, application of 5
1996). BoNTs are widely used to block regulated exo- mM TPEN induced Ca2+ influx-mediated Ic~cc of 200 to
cytosis in secretory cells. Finally, dominant-negative 600 nA in 10 mM extracellular Ca2+. This much whole-
mutants of SNAP-25 provided a molecularly indepen- cell current should give 31-94 pA Ici,ca in giant patches
dent confirmation of the BoNT A results. The combined of 30 pim diameter given the ratio of giant-patch to
results argue that SNAP-25 and presumably mem- whole-cell areas, 1/6400. However, there was no detect-
brane trafficking play essential roles in the activation of able Ca 2+ influx-mediated Icl,ca in 12 of 14 cell-attached
oocyte Isoc. giant patches under similar stimuli measured with pi-

pettes filled with 10 mM Ca2+. In the remaining two
Results patches, the Ici~ca mediated by Ca24 influx was only -3

and -5 pA, approximately one order of magnitude less
Prior Gigaseal Formation Prevents Store Depletion than predicted from the ratio of membrane areas. This
from Activating Ca2+ Entry inside but Not result confirmed that most cell-attached giant patches
outside the Patch did not respond to stimuli that normally activate store-
As well-established in two-electrode voltage clamp re- operated Ca2+ influx.
cording (Yao and Tsien, 1997), Call release due to injec- The plasma membrane in cell-attached patches was
tion of InsP3 invariably led to Ca24 influx, which caused visibly somewhat invaginated into the patch pipette, as
a Ca 2+-activated Cl- current Ic,ca whenever external Ca24  is common in patch clamping (Sokabe and Sachs, 1990).
was present (solid horizontal bars in Figure 1A). In these To estimate the diffusional distance between the stores
cells, we did not inject Ca24 chelators to buffer cytosolic and plasma membrane patch, oocytes were loaded with
Ca2l, so that lcica could be a maximally sensitive monitor caged InsP3, and the latency of Ici,ca in giant patches
of Ca2l entry. In contrast, when currents were recorded after UV flash was measured (Figure 1C). This latency
in cell-attached giant patches, injection of a saturating resulted mainly from the delay time of InsP3-evoked Ca 2+
dose of InsP3 activated only a transient Ici,ca mediated release plus time for Ca2+ to diffuse from the stores to
by Ca2+ release, but not Ca24 influx (Figure 1 Ba, typical plasma membrane (Parker and Ivorra, 1993). Hot spots
of 10 of 11 patches). Interestingly, Ca2+ influx could of InsP3-evoked Ca2+ release are normally located about
be recorded subsequently in cell-attached patches at 5 pVm deep under the plasma membrane in oocytes (Yao
different spots from the same oocyte (Figure 1 Bb). This et al., 1995). This distance (d) corresponds well with 30
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ms latency (t) between the Ca2+ fluorescence signal and

Ici.ca, a Ca2l diffusion coefficient (D) of 140 [Lm2s-1, and A. excision
the equation d2 = 6Dt (AlIbritton et al., 1992; Parker
and Ivorra, 1993). The latency of ICI.ca in giant patches
after UV uncaging of InsP 3 was 210 ± 30 ms (n = 3).
This 7-fold increase in latency corresponds to a mean 0 pv
effective distance of 13 [Lm between stores and plasma b
membrane. The modest increase in distance from 5 to
13 pim should not be enough to prevent diffusion of a m Mg70 in pipet
small molecule activator. :Ca70 in pipet 10

Maintenance of Store-Operated Ca2+ Influx in Whole 
1 rmin

Cells, Cell-Attached, and Excised Patches e [ca2 ],S0.2 aM

When oocytes were injected with a saturating dose of B. a. cell-attached b. excised c.
lnsP3, about 0.2 mM, the Ca2+ influx assayed by two- pA pA nA ,

electrode voltage clamp recording of cIca,c or whole-cell 60 [ 60 0.8
recording of Isoc lasted >0.5 hr. However, once a patch 40 240 6

was formed on an activated cell, 2c0ca measured from 20 04

the enclosed patch as the difference of currents with o -20 - 0 2 [2d
30 mM versus 0 Ca2 + in the pipette declined with a time -40 . -40 00c . o

-60 . . . -60 . -02
constant of about 2 min. Figure 1 Bb shows one example, -80-40 0 40 -80-40 0 40 -80-40 0 40

while Figure 1 D shows the pooled data from five re- membrane voltage (mV)
cordings. This decay probably represented unmasking
of deactivation after gigaseal formation had blocked any C.
further activation within the patch. 2

The above experiments were performed with Ic,.ca as 8 (10)
the most sensitive index of Ca2+ entry to maximize its
likelihood of detection within the patch. We were also N (3)
able to detect the much smaller Ca2' current itself, Isoc, W 1 -

in similar patches if cytosolic Ca2+ was well buffered by 0
EGTA injection and store depletion preceded gigaseal
formation (Figure 2A). The intrapipette solution was per-
fused alternately with 70 mM Mg2+ (Mg70) and 70 mM 0 1 2 3 4

Ca2l (Ca70), and the difference of currents Ica70 - lMg70 Time after excision (mi)

was taken as Isoc (Yao and Tsien, 1997). In average, Isoc Figure 2. Survival of Isoc in Inside-Out Giant Patches
measured in cell-attached giant membrane patches was (A) Store-operated Call current in cell-attached and inside-out giant
--22.1 -- 2.7 pA (n = 32) in oocytes depleted with iono- (AStr-prtda 2 cueninelatchdndnseotgat

patch. Oocyte was treated with ionomycin and injected with EGTA
mycin, versus -3.6 ± 0.5 pA (n = 13) from control oo- before patching. Pipette solution was alternately perfused with

cytes. The amplitude of Isoc in preactivated patches cor- Mg70 (indicated with open bar) and Ca7O (solid bar). Voltage ramps

responded well with that predicted from 1/6400 of the were applied periodically to obtain the I-V curves shown in (B). The

area of a whole oocyte. Ramp current traces a and b evoked current transients have been blanked for clarity.
were obtained, respectively, in Mg70 and Ca70 (Figure (B) I-V curves were obtained respectively in Mg70 and Ca70 in cell-

2Ba) and showed an I-V relation similar to that measured attached patch (measured at time a and b in [A]; shown in [Ba]),
and in inside-out patch (c and d in [Bb]). Ic,ca was activated in excised

in whole oocytes with two-electrode voltage clamp (Yao patch by a transient increase of bath [Ca
2
+] (e).

and Tsien, 1997). (C) Average of normalized Isoc-like current after patch excision. The

After excision of the patch into a mock intracellular number in parentheses indicates number of patch recordings made.
Ringer with 0 Cal+ and 5 mM EGTA, 'soc was constant
or increased with time (Figure 2A) in 12 out of 15 patches,
unlike the rapid decay of Ca 2

1 entry in patches left
attached to unbuffered cells (Figures 1 Bb and 1 D). In the lMg7o) were small and not significantly affected by exci-

otherthree patches, Isoc-like current decayed to baseline sion, 4.7 ± 0.7 pA (n = 6) before versus 4.8 . 1.0 pA

after a few minutes. On average, this inward current was (n 6) after excision.

sustained for at least 4 min after patch excision (Figure Thus, seal formation on the outside of the plasma

2C). In ourlongest recording, lasting 8 min afterexcision, membrane inhibited activation of new Isoc inside the

Isoc was sustained throughout. Isoc in excised patches patch but allowed preactivated Isoc to continue; mainte-

was larger and noisier at negative membrane potentials nance of such Isoc did not require presence of cytosolic

but otherwise had much the same I-V relationship (Fig- substances and was actually enhanced by excision.

ure 2Bb) as before excision. To verify that the former These results suggest that activation of Isoc is rather

cytosolic face of the patch was truly exposed to the localized, sensitive to membrane deformation, and un-

bath, the external solution was briefly switched to a likely to result from simple diffusion of an activator mole-

buffer with 0.2 p.M [Ca2+], which activated Ici,ca as ex- cule. Furthermore, activation and deactivation seem to
pected (Figure 2A shaded bar and I-V relation in Figure be separate processes not linked by a simple equilib-
2Bc). In oocytes without ionomycin incubation, the re- rium, because different orders of manipulation can give
sidual currents measured by the usual protocol (1ca70 - very different results.
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A. a. control Ba70 TPEN 5 Rho (n = 4) and 63 L Rho (n = 6). Amplitude of Isoc
"- = - - activated by 5 mM TPEN in the above experiments was

about half of the maximum. Maximal Isoc induced by a
saturating dose of ionomycin (10 VLM) was also en-

b= C3 -hanced about 46% (n = 9, p < 0.01) by C3 transferase.
Oocytes from five of six animals showed a similar extent
of potentiation by C3 transferase but not in the remaining
one frog. This suggested that Rho played a modulatory
rather than an indispensable role in activation of Isoc.

c. wt Rho Because one of the many effects of active Rho is
to promote assembly of actin-myosin filaments (stress

50 fibers), we examined whether the potentiation of Isoc by
- nA C3 might simply result from the disruption of the actin-

1min myosin assembly. Oocytes were treated with cyto-
B. 250- chalasin D (20 I.g/ml) for 17 hr, at which time oocytes

appeared mottled as an indication of actin depolymer-
200 ization and had relative low input resistance. Isoc was

118 ± 14 nA (n = 7) in control oocytes and 93 - 17 nA
S150. (n = 7) in oocytes treated with cytochalasin D. Thus,

S100. • destruction of the actin cytoskeleton by cytochalasin D
slightly reduced Isoc, probably by nonspecific mecha-

50- nisms rather than mimicking C3 transferase, which
greatly potentiated Isoc. We also tried 5 pIM jasplakino-

S I R , lide, which solidifies the actin cytoskeleton (Shurety et
control C3 wt Rho 63L Rho al., 1998). Isoc was reduced from its control value of 87 t

9.5 nA (n = 4) to 64 ± 3 nA (n = 6) during drug exposures
Figure 3. Isoc Was Potentiated by Injection of C3 Transferase and of 0.5 or 2 hr, which were equivalent. This small reduction
Inhibited by Expression of Rho A was significant at the p = 0.026 level and was in the
(A) Isocwas induced byTPEN 5 mM in bath (open bars) and monitored same direction as, but much weaker than, the complete
by switching from Mg70 to Ba7O (solid bars). Isoc evoked by TPEN
was rapidly reversible. Recordings were made, respectively, in na- inhibition by 3 pLM jasplakinolide of store-operated Call
tive oocyte (Aa), oocyte 1 hr after injection of C3 transferase 0.4 ýIM entry in cultured mammalian cells (Patterson et al., 1999
(Ab), and oocyte 6 hr after injection of 20 ng Rho A cRNA (Ac). [this issue of Cell]).
(B) Summary of effects on Isoc of microinjected C3 transferase, expres-
sion of wild-type Rho A, and its constitutively active mutant 63L. BoNT A Inhibits Activation of Store-Operated

Ca2l Influx
Regulation of Store-Operated Call Influx by Rho A Preinjection with 100 nM BoNT A reduced Isoc by about
To examine whether the store-operated Ca2l influx was 50% (Figures 4Aa and 4Ba) without any effect on the
affected by Rho, C3 transferase was microinjected into inward rectification or the leak current, as shown by the
oocytes. In recordings illustrated in Figure 3A, Ba 2l cur- I-V curves in Mg70 and Ca70 (Figures 4Ab and 4Bb).
rent was measured to quantitate effects of C3 and Rho. BoNT A also reduced Ca2l influx-dependent Ici.ca in-
Injection of Ca2

l chelators was omitted because activa- duced by ionomycin, InsP3, and TPEN in 10 mM Ca. by
tion of Ici,ca by Ba 2÷ was negligible. Isoc induced by 5 mM 89% (n = 11, p < 0.01), 86% (n = 4, p < 0.01), and 86%
TPEN was 98 ± 9 nA (n = 9) in control oocytes and (n = 6, p < 0.01), respectively (data not shown). The
207 ±_ 11 nA (n = 7) in oocytes measured about 1-2 hr more dramatic reduction in the Icica compared to Isoc
after injection of C3 (3 ng/oocyte, or 120 nM assuming probably reflects the nonlinear relation of the former
uniform distribution in 1 ip1 cytosol), an increase of with Isoc (Yao and Tsien, 1997). No significant change in
2.1-fold (p < 0.01). In complementary experiments, Rho the resting potential, input resistance, and membrane
A, its constitutively active mutant (63L), and dominant- capacitance were found by BoNT A. Also, BoNT A did
negative mutant (19N) were expressed in oocytes by not alter the Icica transients elicited by ionomycin, InsP 3,
injection of 20 ng of their respective cRNAs about 5 hr or TPEN in calcium-free medium, showing that the re-
before recordings started. Isoc was 42 ±_ 4 nA (n = 4) in lease of Ca2

l from stores and the properties of Ici.ca were
oocytes expressed with wild-type Rho and 31 ±_ 6 (n = unaltered.
6) with constitutively active mutant (63L), corresponding The kinetics of BoNT A action are shown in Figure
to 57% (p < 0.01) and 68% (p < 0.01) inhibition, respec- 4C. The inhibition developed with an apparent single
tively (Figure 3B). Isoc remained unchanged in oocytes exponential time constant of 1.1 hr and reached maxi-
expressing dominant-negative mutant 19N Rho A, sug- mum about 4 hr after BoNT A administration. Isoc was
gesting a large pool of endogenous Rho A existed to 141 ± 9 nA (n - 9) in control oocytes and 72 -_ 3 nA
maintain basal activity. Injection of C3 also induced an (n = 7, p < 0.01) in oocytes about 4 hr after injection
increase of membrane capacitance. Membrane capaci- of BoNT A. The inhibition was long-lasting and still ap-
tance increased by about 41 % in 2 hr after injection of C3 parent after 2 days. In a separate double-blind experi-
(3 ng/oocyte) (n = 7, p < 0.01). In contrast, no significant ment, various doses of BoNT A were injected into oo-
decrease in membrane capacitance was found to ac- cytes. Isoc was measured 4 to 7 hr after injection of 20
company inhibition of Isoc in oocytes expressed with wt ni BoNT A of different concentrations. The inhibition of
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A a. Control B a. BoNT A 100 nM Figure 4. Inhibition of 'Soc by BoNT A

Ca70 Ca70 Isoc was activated by 5 p1 M ionomycin fol-
lowed by injection of EGTA to a final internal
concentration of about 10 mM and was re-

f b ~ ~ f 'b corded by switching from Mg70 to Ca70 (solid
bars) in a control oocyte (Aa) and an oocyte

a I 50 injected 4 hr earlier with 100 nM BoNT A (Ba).

A. aBbnA (Ab and Bb) The I-V relations obtained in Ca7Ob. a B b. 30 sec (a) and Mg70 (b). (C) Kinetics of BoNT A ac-
gA • tion. Isoc was activated as above at different

times after injection of BoNT A 100 nM. The
0.2 b 0.2 b _,0 smooth curve was the best fit to a single ex-
0.1 0.1 ponential decay with a time constant of 1.1
0.0 0.0 hr.E-ac deat p inth as fme oethant thre

-0.1 -0.1 hr. Each data point was from more than three

-0.2 a -0.2 -a oocytes. (D) Dose dependence of BoNT A ac-

-0.3 -0.3 tion. Oocytes were injected with different
concentrations of BoNT A as indicated. Re-

-120 -80 -40 0 40 mV -120 -80 -40 0 40 mV cordingswerermade4to7hraftertheinjec-

C. D. tions. Each data point was the average of
more than four oocytes. Smooth curve was

140- 80- a fit to equation (I - Im0/(m - Imi,) = Ki/(K +
[BoNT]), with I_ = 80 nA, Imn = 38 nA, K. =

120- 70. 8 nM.

SE 100- 60.
0

•80- 50-

60- 40

40 . . ----• -.- 301
0 1 23 4 20 304050 0 20 40 60 80 100

Time after injection (h) BoNT A (nM)

Isoc was found to be dose dependent on BoNT A with was measured in oocytes about 14 hr after injection of
an apparent K = 8 nM (Figure 4D). 3 ng cRNA per oocyte of full-length, A9, A20, or A41,

In contrast to BoNT A, BoNT B, E, and tetanus toxin respectively (Figure 5). TPEN 5 mM induced about 100
had no significant effects on Isoc measured about 6-8 nA Isoc in uninjected oocytes and oocytes expressing
hr after injection to final concentrations of 200 nM each. full-length (Figure 5Aa) and A41 SNAP-25 (Figure 5Ac),
Isoc was 93 ± 4 nA (n - 6) in control oocytes versus but no Isoc in oocytes expressing A20 (Figure 5Ab). Isoc
74 ± 4 nA (n = 4), 78 ± 5 (n = 5), and 73 ± 8 (n = 6) activation was inhibited by about half in oocytes ex-
in oocytes injected with BoNT B, E, and tetanus toxin, pressing A9 cRNA. Isoc activated by ionomycin was simi-
respectively. Unfortunately, we cannot yettest biochem- larly inhibited by the expression of dominant-negative
ically whether our toxin samples could cleave Xenopus SNAP-25 mutants (Figure 5B). Oocytes were injected
oocyte SNAREs because the latter have not yet been with 1 ng cRNA of each mutant per cell and recorded
cloned, and the antibodies we had against the mammalian in 15 hr after the injection. Isoc activated by 10 p.M iono-
proteins did not recognize their oocyte counterparts. mycin was not affected by expression of full-length

SNAP-25, but almost completely abolished by expres-

Blockade of 'soc by Dominant-Negative Mutants sion of All, Al 4, Al 7, and A20 mutants. The inhibitory

of SNAP-25 kinetics could be speeded up by injection of larger

Because the usual target of BoNT A is SNAP-25, we amounts of cRNA to express more proteins in shorter

examined whether Isoc activation could be similarly in- time. Thus, after injection of 30 ng of SNAP-25-A20,

hibited by dominant-negative mutants of SNAP-25. It inhibition of Isoc activated by ionomycin started in 2 hr
wasshowne b inyeast-negative9l 7,tanC-ts l ofrSnca-2 It and reached maximum within 4 hr after the injection
was shown in yeast that sec9-A17, a C-terminal trunca- (Figure 5C). While Isoc was totally abolished, Ici.ca acti-
tion of a SNAP-25 homolog, was a dominant-negative vated by ionomycin in calcium-free medium was unaf-
mutant (Rossi et al., 1997). According to sequence align- fected in peak amplitude and more prolonged in oocytes
ment (Weimbs et al., 1998) supported recently by crys- expressing the dominant-negative mutant of SNAP-25,
tal structure data (Sutton et al., 1998), yeast sec9-Al 7 showing that inhibition of Isoc was not due to any interfer-
corresponds to deletion of C-terminal 20 amino acids of ence with Ca2l release from stores. Furthermore, Ici.ca
mouse SNAP-25 (A20). BoNT A cleavage of mammalian elicited by membrane depolarization (Barish, 1983) was
SNAP-25 causes C-terminal truncation of nine amino not reduced by the dominant-negative mutants of
acids (A9). Therefore, we made a series of C-terminal SNAP-25. The effect of SNAP-25 on membrane turnover
truncated SNAP-25 mutants spanning between A9 and was assessed by capacitance measurements. A re-
A20 to examine whether they would have any inhibitory duction of about 50% of total membrane capacitance
action on Isoc. A truncated mutant SNAP-25 A41 was was observed in oocytes injected with SNAP-25-A20
also made that corresponded to sec9-A38, which did (189 ± 3 nF in control oocytes versus 96 ± 11 nF in
not show dominant-negative effects in yeast (Rossi et SNAP-25-A20-expressed oocytes). This confirmed that
al., 1997). The SNAP-25 mutants were expressed in oo- the dominant-negative mutants of SNAP-25 were affect-
cytes by injection of their cRNA. Isoc activated by TPEN ing plasma membrane turnover.
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Figure 5. Prevention of Isoc by C-Terminal Truncated Mutants of SNAP-25
(A) Activation of Isoc by TPEN was not affected in oocytes expressing full-length (f.U.) SNAP-25 (Aa) and SNAP-25-A41 (Ac), but it was completely
absent in oocytes expressing A20.
(B) Summary of inhibition of Isoc by expressing SNAP-25 mutants. Activation of Isoc by ionomycin (open columns) was totally abolished by
expression of SNAP-25-A1 1, Al 4, Al 7, and A20 4 hr after injection of 30 ng cRNA, respectively. Activation of Isoc by TPEN (filled columns)
was inhibited by about half by expressing SNAP-25-A9 and was almost totally blocked by expressing A20 in 17 hr after injection of 3 ng cRNA
each.
(C) Kinetics of lsoc inhibition by expression of SNAP-25-A20. 1soc was activated by ionomycin and measured at various times after the injection
of 30 ng cRNA.

Activation of Isoc Is Not Inhibited by Brefeldin A but were inhibited by BFA, though the BFA block was
To distinguish whether inhibition of Isoc by BoNT A and statistically significant only at the p = 0.06 level (Figure
dominant-negative mutants of SNAP-25 was mediated 6). These results indicated that blockade by BFA of con-
by interference with constitutive versus regulated exo- stitutive traffic to the plasma membrane for up to 24
cytosis, we compared the effects of brefeldin A (BFA) hr did not reduce the cells' ability to activate Isoc, and
with those of BoNT A and SNAP-25 A20. BFA blocks inhibition of Isoc by BoNT A and SNAP-25 mutants did
constitutive exocytosis by inhibiting protein exit from not result from disruption of constitutive trafficking.
Golgi apparatus, which possibly results from BFA inhibi-
tion of guanine nucleotide exchange for ARF, a small G Discussion
protein that is involved in coatomer-mediated vesicle
budding from ER (Peyroche et al., 1999). Wild-type amil- Activation of the Store-Operated Ca2+ Current
oride-sensitive epithelial sodium current (ENaC) ex- Is a Local Process that Can Show Hysteresis
pressed in Xenopus oocytes is inhibited by 5 p.M BFA Our patch-clamp experiments showed that store-oper-
with a time constant of 3.6 hr due to blockade of consti- ated Ca2l entry was highly localizable, required store
tutive insertion of ENaC channels while clathrin-medi- depletion to precede patch isolation, and yet survived
ated endocytosis remains active (Shimkets et al., 1997). patch excision. Thus, depletion of Ca2+ stores could
We confirmed such downregulation of ENaC in oocytes activate Ca2l influx outside but not inside a preformed
by BFA as a positive control for BFA efficacy. IENaC was gigaseal onto a 30 I.m diameter patch pipette (Figures
reduced by about 86% (p < 10-10) by incubation of 1 A and 1 B). Therefore, the ability of store depletion to
oocytes with BFA 5 I.M for 7 hr. Isoc, however, remained trigger Cal+ current within the patch was disrupted by
unchanged after incubation of oocytes in 5 p.M BFA for some aspect of seal formation, such as the visible invag-
7 to 20 hr in the same batch of oocytes (Figure 6). In ination of the plasma membrane into the lumen of the
complete contrast to BFA, BoNT A inhibited Isoc (p < pipette. Meanwhile, the InsP 3-induced increase in cyto-
10-28) but not IENaC- A dominant-negative SNAP-25 mu- solic [Ca2+] was still able to activate IcI,c, within the cell-
tant slightly inhibited IENaC (P = 0.014), but to a much attached patch with slightly greater latency than normal
lesser extent than did BFA (Figure 6). In addition to (Figure 1C). This finding showed that Ca 2

1 was still able
the exogenous Na÷ channels, the endogenous voltage- to diffuse from the internal stores to the plasma mem-
operated Call channels and Ca 2+-activated Cl- chan- brane inside the gigaseal, though the mean diffusion
nels were not reduced by BoNT A and SNAP-25-A20 distance had apparently been increased from the normal
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16 n=14 - Soc report (Figure 2, Parekh et al., 1993) in which a depletion-
1.6- * ENaC activated current in cell-attached patches was immedi-
1.4- depolarization-activated Icc. ately quenched by excision from the oocyte and could

n=4
be reactivated by cramming back into a stimulated cell.

1.2- " This current had a linear I-V curve with a reversal poten-

S1.0- tial of -30 mV, was recorded in the presence of niflumic
C . n=11 acid to block CIcl a, and had amplitudes of 10-20 pA with
a 0.8 n=4

n=38 pipettes of ordinary micron diameters. Isoc was charac-
0.6- * terized in recent two-electrode voltage clamp recording

" 04 studies (Hartzell, 1996; Yao and Tsien, 1997), in which
-04n=10 Ca2t chelators instead of niflumic acid were used to

02 n11 abolish Icica because niflumic acid was found to inhibit

00 Isoc. As expected for a highly Ca2+-selective current,
Isoc has an inwardly rectifying I-V curve with a reversal

BoNT A SNAP25-A20 BFA potential >+40 mV. Giant-patch recording (Hilgemann,

Figure 6. Comparison of Effects on Isoc, IENac, and Depolarization- 1995) with 30 Im diameter pipettes and intrapipette
Activated 6c,,c. by BoNT A, SNAP-25-A20, and BFA perfusion was required to increase detection sensitivity

Activatedord by ABofTIA, directl2asAth, anderBFA
All current values' measured were normalized to mean values of and to record -10 pA of 'aoc directly as the difference
control groups of the same donor. The normalized currents from in currents between 70 and 0 mM extracellular Ca2+.
separate donors were averaged for statistical analysis. Groups sig- Therefore, the current that was quenched by excision
nificantly different (p < 0.01) from control are marked with an aster- and restored by cramming in the experiment of Parekh
isk. Number of oocytes measured in each group is indicated on the et al. (1993) was dominated by components other than
column. Isoc was activated by ionomycin and measured in Ba7O. Ca2+ influx.
Ip,ýc was measured in calcium-free Ringer at holding Vm = -30 mV
as the difference in currents before and after 1 AiM amiloride. Peak
values of depolarization-activated lc,cd were measured by stepping Mechanisms of Rho A Action on Isoc
v, to +40 mV in Cal 0. It represents endogenous voltage-gated Ca2+ Up- and downregulation of RhoA, by expression of ex-
channel activity evoking Iclc, (Barish, 1983). BoNT A was injected cess Rho A or injection of Clostridium C3 transferase,
into oocytes to a 100-200 nM final concentration, waiting for 4 to respectively, decreased and increased the amplitude of
7 hr before recording. SNAP-25-A20 cRNA (30 ng) was injected into Isoc (Figure 3). Rho A is known to regulate many cell
oocytes to allow protein expression for 4-6 hr. Incubations with 5
pAM BFA lasted 5-20 hr before recording. events, including cytoskeletal rearrangement and mem-

brane trafficking (Van Aelst and D'Souza-Schorey, 1997;
Hall, 1998). Because RhoA may affect both constitutive
and regulated membrane trafficking, our results with C35 iim t 13rim.Onc Cat inluxwasactiate inthe and RhoA provide only general evidence for the impor-

absence of or outside a gigaseal, it was readily detect- anc of traiinginemodulaing caactae Caot

able in a new cell-attached patch, showing that patch entry.

formation only obstructed initial activation rather than entry.

maintenance of the influx. Furthermore, Isoc survived Mechanisms of Action of Botulinum Neurotoxin A
without diminution for minutes after excision of the and SNAP-25
patch into the inside-out configuration (Figure 2). Al- In this study, s was found to be inhibited by about
though one of us helped launch the idea of a diffusible 50% by BoNT A (Figures 4 and 6). This inhibition was
CIF (Randriamampita and Tsien, 1993), we must admit relatively specific as endogenous 'cica, voltage-gated
that these findings argue against mediation by a CIF Ca 2+ current, and transfected epithelial Na+ channels
freely diffusible through the cytosol, because such a were not reduced. The time course and potency of the
factor should have easily reached the plasma membrane inhibitory action on Isoc by BoNT A were similar to that
inside the gigaseal but should have washed out immedi- described in blockade of neurotransmission of Aplysia
ately after excision of the patch. In a "conformational synapses (Rossetto et al., 1994). Recently BoNTs have
coupling" hypothesis, one would need to postulate that also been shown to block insulin-stimulated transloca-
the protein-protein contact between the stores and tion of GLUT4 in adipocytes (Cheatham et al., 1996).
plasma membrane would be easily disrupted or pre- The maximum inhibition of insulin-stimulated glucose
vented before store depletion, but it would become ro- uptake was 43%-51 % (Tamori et al., 1996; Chen et al.,
bust enough after Isoc activation to survive invagination 1997), quite similar to the maximal reduction of Isoc in
and excision of the patch. In an exocytosis model, one our experiments. Likewise BoNT A causes only a partial
would assume that exocytosis is locally prevented by block and slowing of catecholamine release from chro-
bulging of the plasma membrane into the gigaseal. In- maffin cells (Xu et al., 1998).
deed, exocytosis in mast cells is reported to be revers- The complete inhibition of Isoc by dominant-negative
ibly blocked by inflating the plasma membrane (Solsona mutants of SNAP-25 and the biphasic length depen-
et al., 1998). Whatever the model, the gigaseal results dence of the effective truncations strongly complement
show that activation of Ca 2+ influx can vary over dis- the evidence from BoNT A for a crucial role for a SNAP-
tances of only a few microns, even more spatially con- 25 homolog in oocytes. The length dependence fits well
fined than those of Petersen and Berridge (1996) or with multiple studies showing the critical importance of
Jaconi et al. (1997), where localization was reported over the region corresponding to 9 to 26 residues from the
distances of hundreds of microns. C terminus of mammalian SNAP-25 for exocytosis and

These results would seem to conflict with a previous its triggering by calcium sensors (Gutierrez et al., 1995;
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Rossi et al., 1997; Ferrer-Montiel et al., 1998; Huang et et al., 1999). The lack of inhibition by certain toxins might
al., 1998; Xu et al., 1998). The partial inhibition by the be due to imperfect homology of the relevant oocyte
A9 truncation fits well with the similarly partial inhibition components to the better-studied mammalian SNAREs;
by BoNT A, which should cut SNAP-25 at the corre- we had no positive control that our toxin samples had
sponding location. The inhibition of Isoc is not explain- any effect in oocytes. Nevertheless, the involvement of
able by general interference with constitutive insertion of proteins extensively studied in exocytosis opens up
channels into the plasma membrane, because currents many possible testable hypotheses and experiments for
through Ca2÷-activated Cl- channels, voltage-gated the future.
Ca2l channels, or transfected epithelial Na÷ currents
remained undiminished (Figure 6). Conversely, constitu-
tive insertion, for example of epithelial Na÷ channels, Experimental Procedures
can be inhibited by brefeldin A without any effect on Isoc
(Figure 6). Therefore, SNAP-25 and, presumably, regu- Cell Preparation and Electrophysiology

lated exocytosis are important in the process for activat- Oocytes were cultured in Barth's medium supplemented with 5%
horse serum to increase viability of the cells (Quick et al., 1992).ing Isoc, We did not see any change in the I-V relation Recordings were taken at least 2 hr after removal of the serum.

of Isoc after partial inhibition by BoNT A, so we could find Oocytes used to assess drug action were obtained from the same
no evidence that SNAP-25 modifies the conductance frog to reduce variability in Isoc. Extracellular solution compositions

properties of the Ca2l entry channels in the way that and recording of whole-oocyte membrane currents with a conven-

syntaxin modulates the gating of voltage-activated Ca2
l tional two-electrode voltage clamp were as described by Yao and

channels (Bezprozvanny et al., 1995). Instead, loss of Tsien (1997). Membrane potential was held at -60 mV unless other-

functional SNAP-25 simply reduces the amplitude of the wise specified. Capacitance of whole-oocyte plasma membrane

residual Isoc. was determined by C, = f ic dt/AV, where C, is membrane capaci-
tance, ic capacitance current transient, AV membrane voltage step.
C, was averaged from AV of 5, 10, and 15 mV, respectively.

Conclusions regarding the Mechanism of Coupling Giant-patch glass pipettes (#7052, 0. D.AI. D. 1.65/1.1, WPI, FL or

Ca2l entry into oocytes can be activated by microinjec- borosilicate glass, 0. D./I. D. 1.5/0.86 Warner Instrument Corp.,

tion of extracts from lymphocytes or yeast in which Hamden, CT) were pulled to have tip openings of around 40 pim

Ca2l stores have been pharmacologically or genetically with a horizontal electrode puller (P-80/PC, Sutter Instrument Co.,
depleted (Csutora et al., 1999). However, those authors Novato, CA). The pipette tips were then heat-polished to give final

openings of about 30 pLm, which should encompass about 1/6400

acknowledged that oocytes themselves produce rela- of the total surface of an oocyte of 1.2 mm diameter. Thus, an oocyte

tively low levels of calcium influx factor, and that the with a total Isoc of 100 nA should give about 16 pA through the patch

evoked influx had different properties from endoge- assuming the channels are evenly distributed. Patch recordings

nously stimulated capacitative Ca2l entry, especially in made from various sites on the animal hemisphere showed no signif-

lanthanide sensitivity. Our present results come entirely icant variation in current amplitudes. In some experiments (e.g.,

from oocytes and do not rule out the potential impor- Figure 1), IcI.Ca was measured as a more sensitive monitor of Ca
2
+

tance of diffusible factors in other cell types. A confor- influx, because its amplitude is about an order of magnitude larger

mational coupling hypothesis could be compatible with than Isoc (Yao and Tsien, 1997). For intrapipette perfusion, quartz
capillaries (0. D./I. D. 150/75 plm, Polymicro Technologies Inc.,

our data if one assumes that the link between the stores Phoenix, AZ) were pulled and the tips cut to about 15 to 20 PIm

and the plasma membrane is mechanically weak before diameter. Two capillaries were bundled with glue and inserted to

store depletion and strong afterward, and that SNAP- within 100-200 p~m of the patch pipette tip under a stereo micro-

25 or a homolog is important for the linkage. Our results scope. Perfusates were passed through a 2 lim filter. Perfusates in

are somewhat more naturally accommodated within a quartz capillaries were held by suction (typically -10 mm Hg) to

model in which the channels themselves or membrane- prevent leakage and were ejected by a positive pressure (typically

bound activator molecules are exocytotically incorpo- 150 mm Hg). Turnover of intrapipette solutions at the membrane

rated into the plasma membrane upon store depletion. was typically within a few seconds. Oocyte vitelline membranes
were removed in a hyperosmotic solution that contained (mM): KCI

We would argue that inhibitions by BoNT A and domi- 200, MgCI2 2, KCI 1, and HEPES 5, titrated to pH 7.2 with NaOH,

nant-negative SNAP-25 are far more likely to be pharma- supplemented with EGTA 5 mM for measuring Isoc or 40 p.M for

cologically specific for SNAP-25 and exocytosis than measuring Icl,ca. Current was recorded with an Axopatch 200B ampli-
the previous controversial effects of GTP-yS, prima- fier (Axon Instruments, Inc., Foster City, CA), whose range of the
quine, and cytoskeletal inhibitors. Furthermore, new ex- fast capacitance compensation was expanded to 20 pF by the man-
periments with cytoskeletal modulation have provided ufacturer. Membrane seal resistance were larger than 1 GO. Bath

fresh evidence for secretion-like coupling (Patterson et solution for excised patch recordings was a mock intracellular
al., 1999). The major arguments against exocytosis are Ringer (IR), containing (mM): 95 KCI, 1 NaCI, 5 MgCI2, 5 HEPES,

titrated to pH 7.2 with NaOH, plus EGTA 5 mM and 40 p.M, respec-
the lack of measurable increases in membrane capaci- tively, for recording Isoc and Ic,. Membrane potentials of the oocytes
tance before or during store-operated Ca2l entry in 00- were measured to be -8.8 ± 0.5 mV (n = 4) in IR. The pipette
cytes (<1 % change; preliminary data of Y. Y.) and other potential was held at 50 mV after a GO? seal was formed. A voltage
cell types (e.g., Fomina and Nowycky, 1999), and the ramp command from 50 to -130 mV with a duration of 0.5 s was
lack of effect of BoNT B and E and tetanus toxin. How- repetitively applied at 30 s intervals to allow rapid collection of I-V

ever, the negligible capacitance increases could reflect relations of the current. This resulted in a final membrane potential

the minuscule amount of membrane required to accom- ramp from -109 to 71 mV after summing pipette holding potential,
oocyte membrane potential, and the ramp command.modate the channels or activators, swamped by the All recordings were performed at room temperature (22°C ± 2°C).

huge amount of concurrent exo- and endocytosis, suffi- Data points are expressed as mean ± SE. Statistical significance
cient to replace the entire oocyte plasma membrane of drug actions was evaluated with two-tailed Student's t test using
once every day if all components mixed freely (Zampighi Origin software (Microcal, Northampton, MA).
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Use of TPEN to Activate Store-Operated Ca 2
l Influx C-terminal truncated mutants of mouse SNAP-25 were created

in Xenopus Oocytes by PCR using a forward primer paired with various reverse primers
The usual means for dumping Ca

2
l stores and activating Isoc, such that introduced a stop codon to terminate translation at different

as ionomycin administration or metabolic production or microinjec- C-terminal sites of SNAP-25. The forward primer in PCR reaction
tion of InsP3 , were poorly reversible. A rapidly reversible agent not had the sequence 5'-CGGGATCCGCCACCATGGCCGAGGACGCA
requiring microinjection would be very helpful. A membrane-perme- GACATG, which contained a BamHI site and a Kozak sequence at
ant chelator of divalent cations, TPEN, was shown recently to induce the 5' end of SNAP-25. The reverse primers for CA9, CA 1, CA14,
store-operated Ca2

l influx in mammalian cells (Hofer et al., 1998). CA1 7, CA20, and CA41 were, respectively, 5'-CGGAATTCTTATTGG
TPEN has a low affinity for Ca

2
÷ (KD = 40 [IM; Arsian et al., 1985) TTGGCTTCATCAAT, 5'-CGGAATTCTTAGGCTTCATCAATTCTGGT,

suitable for buffering the relatively high free Ca
2
l concentrations in 5'-CGGAATTCTTAAATTCTGGTTTTGTTGGA, 5'-CGGAATTCTTATT

the lumen of Ca
2
+-accumulating organelles while exerting little effect TGTTGGAGTCAGCCT-, 5'-CGGAATTCTTAGTCAGCC'-CTCCAT

on cytosolic free Ca
2
÷ (Hofer et al., 1998). The total Ca

2
+ inside GAT, and 5'-CGGAAT'-CTTATAGGGCCATATGACGGAG. All reverse

the stores is conserved during application of TPEN because the primers incorporated an EcoRI site and a stop codon at the 3'-end
TPEN-Ca

2
+ complex is impermeant (Arslan et al., 1985). When free of SNAP-25. Following PCR amplification, the PCR products were

extracellular TPEN is removed, the intraluminal TPEN-Ca
2

÷ dissoci- gel-separated and digested with BamHI and EcoRl. The resulting
ates and rapidly restores intraluminal free Ca

2
+ so that deactivation PCR frgments were subcloned into the vector pSGEM between the

of influx can be studied. 5' UTR and the 3'UTR ofXenopus 13-globin. All C-terminal truncation
TPEN had not been previously tested in Xenopus oocytes but mutants of SNAP-25 were verified by DNA sequencing.

proved very useful in activating Isoc because of the above advan- cDNAs of three subunits of epithelial sodium channel, a, P3, y, in
tages. TPEN was dispersed in nominally Ca

2
÷-free media and ap- plasmids pSPORT (a and y) and pSD5 (p), were kind gifts of Dr. C.

plied extracellularly to load the oocytes before restoration of normal Canessa (Yale University). pSPORT-a and -y were linearized by Notl
Ca

2
' to measure the influx. The minimum TPEN concentrations re- and RNA synthesized by T7 polymerase, whereas Bglll and SP6

quired to activate the Ca
2
l influx varied from 0.1 to 1 mM in different polymerase were used for pSD5-j3. A mixture of the three cRNAs

batches of oocytes. Ca
2
' influx reversed quickly after washout of (0.1 or 1 ng each) was injected into each oocyte, and IENaC was

TPEN from bath and could be reactivated repeatedly. Maximal Ca
2

÷ measured 1-3 days later.
influx was activated by preincubation of oocyte with TPEN for 1 Capped cRNAs were synthesized using mMESSAGE mMACHINE
min. Longer incubations with TPEN slowed the deactivation time kits from Ambion (Austin, TX). Synthetic cRNAs were resuspended
course of the Ca

2
+ influx. An additional inward nonspecific current in water. Aliquots of 2 tl1 each were stored at -80 0

C until injection.
was present during the TPEN loading, which was not inhibited by Typically, 20 ni RNA solution was injected into each oocyte. Concen-
injection of EGTA. To test whether the action of TPEN was additive trations of RNA were adjusted to reach the final desired mass.
to that of ionomycin, Ca

2
l influx was first induced by TPEN and

then ionomycin to obtain their individual activities in the same oo- Acknowledgments
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Abstract SNARE proteins appear to be involved in homotypic focus on highlighting a number of features of this fascinating

and heterotypic membrane fusion events IS611ner et al. (1993) structure that may provide clues to understand how it medi-

Nature 362, 318-3241. The crystal structure of the synaptic ates bilayer fusion.
SNARE complex exhibits a parallel four-helical bundle fold with
two helices contributed by SNAP-25, a target SNARE (t- 2. Electrostatic attractions between oppositely charged
SNARE), and the other two by a different t-SNARE, syntaxin, interfaces and fusion
and a donor vesicle SNARE (v-SNARE), synaptobrevin. The
carboxy-terminal boundary of the complex, predicted to occur at A key finding emerged from electrostatic calculations that
the closest proximity between the apposed membranes, displays a showed a conspicuous enrichment of positively charged resi-
high density of positively charged residues. This feature dues at the carboxy-terminal end of the complex [2]. This
combined with the enrichment of negatively charged phospho- boundary is assigned to be at the membrane-anchored end
lipids in the cytosolic exposed leaflet of the membrane bilayer
suggest that electrostatic attraction between oppositely charged of the complex, and therefore, at the minimum distance be-

interfaces may be sufficient to induce dynamic and discrete tween the apposed membranes. It is known that negatively
micellar discontinuities of the apposed membranes with the charged lipids are preferentially distributed in the inner leaflet
transient breakdown at the junction and subsequent reformation, of the bilayer plasma membrane [7]. It is also well recognized
Thus, the positively charged end of the SNARE complex in that Ca2+ and highly basic polypeptides interact with nega-
concert with Ca2+ may be sufficient to generate a transient tively charged lipids to induce a lamellar to hexagonal phase
'fusion pore'. transition with the consequent generation of local micelliza-

© 1999 Federation of European Biochemical Societies. tion foci and, if propagated, the breakdown of the bilayer

structure [7-10]. And it is well established that acidic lipids
Membrane fusion are required for the insertion into and translocation across

bilayers of a number of channel-forming proteins, conspicu-
ous among them diphtheria [11] and tetanus [12] toxins, col-
icin [13] and Bcl-2 family proteins [14]. It appears therefore,

1. Introduction that electrostatic interaction energy between oppositely
charged interfaces might drive discrete micellizations of the

Neurons communicate with each other by means of neuro- apposed membranes with the transient breakdown of the hy-
transmitters. Membrane fusion is essential for synaptic trans- drophobic membrane barrier and the consequent release of
mission, a process by which neurotransmitters are released the transmitter. Thus, the positively charged end of the
from excited nerve terminals [1]. Recently, the crystal struc- SNARE complex in concert with Ca2+ may be sufficient to
ture of a SNARE complex, a key entity involved in the spe- generate a transient 'fusion pore'. This hypothesis could be
cific recognition and ultimately fusion of synaptic vesicles with tested using purified SNARE proteins reconstituted into sep-
the neuronal plasma membrane, was described [2]. The com- arate bilayer vesicles of defined phospholipid composition
plex is formed by the specific interaction between segments of [15]. This model system has demonstrated that SNARE pro-
three proteins: synaptobrevin-II, a vesicle associated protein, teins are necessary and sufficient for fusion in the absence of
and syntaxin-lA and SNAP-25B, two distinct proteins an- other protein components, albeit at a low rate and efficiency
chored to the plasma membrane. The clostridial botulinum [15].
and tetanus neurotoxins proteolytically cleave these three pro-
teins consequently preventing vesicle fusion and thereby ab- 3. Acidic phospholipids and Ca2` ions as mediators of fusion
rogating transmitter release [3]. The SNARE complex folds
into a parallel four-helical bundle with a left handed super- Another striking feature of the SNARE complex is the
helical twist [2,4]: two helices are contributed by a molecule of occurrence of four shallow grooves at the surface of the hel-
the t-SNARE SNAP-25, the other two by synaptobrevin and ical bundle [2]. Such grooves, particularly those present at the
syntaxin. Such a structure may bring into juxtaposition the basic charged end of the complex, may provide specific bind-
surfaces of the apposed vesicle and plasma membrane bilayers ing pockets for acidic lipids. There is structural evidence for
to facilitate fusion. How this may happen is not known, how- such lipid binding pockets: the crystal structure of a type TI13
ever, Ca'+ is required and other proteins may catalyze and phosphatidylinositol phosphate kinase reveals an extensive fiat
confer additional specificity to the process [5,6]. Here, we basic surface well suited for the interfacial binding of phos-

phoinositides and catalysis [16]. The crystal structure of the
*Fax: (1) (619) 534 0931. annexin XII hexamer displays a prominent concave disc with
E-mail: montal@biomail.ucsd.edu numerous surface exposed Ca'+ ions on the perimeter [17].
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Presumably, these Cal+ ions mediate annexin binding to [31 Montecucco, C. and Schiavo, G. (1995) Q. Rev. Biophys. 28,
phosphatidylserine, its insertion into membranes and lead to 423-472.

[4] Poirier, M.A., Xiao, W., Macosko, J.C., Chan, C., Shin, Y.-K.
channel formation and membrane fusion [18]. and Bennett, M.K. (1998) Nature Struct. Biol. 5, 765-769.

Specific protein-lipid interactions are considered key events [5] Shao, X., Li, C., Fernandez, I., Zhang, X., Stidhof, T.C. and
in viral fusion mechanisms and the analogy to the SNARE Rizo, J. (1997) Neuron 18, 133-142.

coil-coiled complex has been drawn [15]. The recent identifi- [6] Rettig, J., Heinemann, C., Ashery, U., Sheng, Z.-H., Yokoyama,

cation of a mitochondrial v-SNARE [19] combined with the C.T., Catterall, W.A. and Neher, E. (1997) J. Neurosci. 17, 6647-
6656.

abundance of acidic lipids in mitochondrial membranes [7] [7] De Kruijff, B. (1997) Nature 386, 129-130.
raise the intriguing possibility that SNAREs could be at the [81 Sherwood, D. and Montal, M. (1975) Biophys. J. 15, 417-434.
fusion interface between mitochondria and other organelles, [9] Montal, M. (1972) J. Membr. Biol. 7, 245-266.

as it appears to be between yeast vacuoles [20,21]. It would be [10] Siegel, D.P. and Epand, R.M. (1997) Biophys. J. 73, 3089-3111.
[11] Donovan, J.J., Simon, M.I. and Montal, M. (1982) Nature 298,

interesting to examine in molecular detail if the electrostatic 669-672.
attraction between oppositely charged interfaces is sufficient [12] Gambale, F. and Montal, M. (1988) Biophys. J. 53, 771-783.
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The assembly of target (t-SNARE) and vesicle-associ- Understanding the interactions between the proteins of the

ated SNAP receptor (v-SNARE) proteins is a critical step trimeric complex in a simplified model may outline new ways to

for the docking of synaptic vesicles to the plasma mem- control its assembly and dissociation or to modulate the con-
brane. Syntaxin-lA, SNAP-25, and synaptobrevin-2 (also formational changes that are presumably necessary for the
known as vesicle-associated membrane protein, or progression from the docking step to the subsequent phases in
VAMP-2) bind to each other with high affinity, and their the secretory process. The structural domains that appear to be
binding regions are predicted to form a trimeric coiled- implicated in the protein-protein interactions between SNAP-
coil. Here, we have designed three peptides, which cor- 25, synaptobrevin, and syntaxin show a high propensity for the
respond to sequences located in the syntaxin-lA H3 do- formation of a-helices (11-15). Secondary structure analysis
main, the C-terminal domain of SNAP-25, and a shows that the periodic distribution ofhydrophobic amino acids
conserved central domain of synaptobrevin-2, that ex- sosta h eidcdsrbto fyrpoi mn cd
coseve centghprao mansiny tofor s apto inim2l that ex- is consistent with a coiled-coil organization (2, 11, 12, 14, 15).
hibit a high propensity to form a minimal trimeric

coiled-coil. The peptides were synthesized by solid Fluorescence energy transfer experiments (12) and electron

phase methods, and their interactions were studied by microscopy (15) further indicate that synaptobrevin and syn-

CD spectroscopy. In aqueous solution, the peptides were taxin are aligned in parallel in the context of a ternary

unstructured and showed no interactions with each coiled-coil.

other. In contrast, upon the addition of moderate To investigate the postulated coiled-coil interactions be-

amounts of trifluoroethanol (30%), the peptides adopted tween the proteins that constitute the docking complex in a

an a-helical structure and displayed both homomeric minimal model, we have applied the principles involved in the

and heteromeric interactions. The interactions ob- formation, of stable coiled-coils (16) to design three peptides

served in ternary mixtures induce a stabilization of pep- corresponding to predicted coiled-coil-forming domains in
tide structure that is greater than that predicted from SNAP-25, synaptobrevin-2, and syntaxin-lA. We have used CD
individual binary interactions, suggesting the forma- spectroscopy to determine the secondary structure of these
tion of a higher order structure compatible with the peptides and their interactions in binary and tertiary mixtures.
assembly of a trimeric coiled-coil. Our findings are consistent with the assembly of the predicted

ternary complex.

The assembly of the synaptic core complex is essential for EXPERIMENTAL PROCEDURES
Ca

2 -dependent neuroexocytosis. This early event in the secre- Reagents-HPLC grade trifluoroacetic acid, trifluoroethanol (TFE),

tory cascade is then followed by the priming and vesicle fusion ethanedithiol, thioanisol, phenol, and acetonitrile were purchased from

steps (1-6). According to the SNARE' model, docking of syn- Aldrich. Methyl tert-butyl ether was from Fisher. HPLC columns were

aptic vesicles to the plasma membrane is a critical step that from Vydac (Hesperia, CA). L-Amino acids and protected derivatives

involves the formation of a ternary complex by the v-SNARE used for peptide synthesis were made by Calbiochem. Benzo'ic anhy-
dride was obtained from Sigma. All other reagents for peptide synthesis

synaptobrevin (also known as vesicle-associated membrane and resins were from Applied Biosystems (Foster City, CA).

protein, or VA_,IP), and two t-SNAREs: SNAP-25 and syntaxin Peptide Synthesis and Purification-Peptides SN (human brain

(7-9). Recons---dtution of the v-SNARE synaptobrevin into lipid SNAP-25-(181-206)), SB (human brain synaptobrevin-2-(40-67)), ST

vesicles and Cze two t-SNAREs, SNAP-25 and syntaxin, into a Ihuman brain syntaxin-lA-(191-218)), and SND (scrambled SN pep-

distinct vesicle pool has provided evidence that the formation of tide sequence: ESDNDTRAIKITQAGSMIKRMGLNAKE) were produced

a ternary complex is sufficient to join the independent vesicle using solid phase peptide synthesis. Synthesis started with a p-hy-
droxymethyl phenoxy methyl polysterene resin and was carried out

pools and lead to fusion of the apposed bilayer membranes (10). using the Fastmoc® Fmoc strategy on an Applied Biosystems peptide

synthesizer model 431A (Foster City, CA) according to a single coupling
plus capping protocol. Cleavage from the resin and removal of all

* This work was supported by U.S. Army Medical Research and protecting groups was accomplished by using trifluoroacetic acid cleav-

Materiel Comn.a.-d Grants DAMD 17-93-C-3100 and DAMD 17-98-C- age as described (17). Crude peptides were precipitated from the tri-
8040 (to M. M. =-d a grant from the Dystonia Medical Research Foun- fluoroacetic acid mixture in cold methyl tert-butyl ether and centri-
dation (to J. M. C.i. The costs of publication of this article were defrayed fuged, the supernatant was discarded, and the remaining methyl tert-
in part by the paYiment of page charges. This article must therefore be butyl ether was removed under high vacuum at 0 °C for 3 h. Samples of
hereby marked -advertisement" in accordance with 18 U.S.C. Section
1734 solely to -ndicate this fact. crude peptide (10-20 mg) were dissolved in 0.1% trifluoroacetic acid,

* To whom -r-espondence should be addressed: Dept. of Biology, applied to a semipreparatory column (Vydac, C-18), and eluted at a flow

University of California San Diego, 9500 Gilman Dr., La Jolla, CA rate of 3 ml/min with a linear gradient of 90% acetonitrile in 0.1%

92093-0366. Te'Lax: 619-534-0931; E-mail: montal@biomail.ucsd.edu. trifluoroacetic acid. Eluted peaks were monitored by absorbance meas-

'The abbre--a.ions used are: SNARE, SNAP receptor; v-SNARE. urements at 214 nm, pooled, and lyophilized. Peptide purity was as-

vesicle SNARE i-SNARE, target SNARE; BoNT, botulinum neuro- sessed by RP-HPLC in an analytical column (Vydac, C-18).

toxin: SNAP-25-. -ynaptosomal associated protein of 25 kDa; TFE, trif- Secondary and Tertiary Structure Predictions-Propensities of pep-

luoroethanol; _H.P•LC, high pressure liquid chromatography. tides to adopt a coiled-coil structure were estimated using two different

34214 This paper is available on line at http://www.jbc.org
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programs: Coils and Paircoil. The Coils program uses the Lupas algo- sponding to the C-terminal segment of SNAP-25, hereafter
rithm (18, 19). Sequences were compared with an unweighted MTIDK designated as SN, was selected based on the fact that it is
matrix (18) using 14- and 28-residue scanning windows. The second
program uses the Berger algorithm (20), which is more stringent. Both nearly 4 heptads long, it exhibits high propensity to form
methods are based on the relative frequency of occurrence of amino coiled-coils, and it is an efficient inhibitor of neurotransmitter

acids at each position (a-g) of the coiled-coil heptad repeat. Secondary release (Fig. 1A, Peptide SN).

structure predictions were performed using the SOPMA method (21, 22) Design of the ST Peptide-Similar considerations were used
and the AGADIR program (23). in the design of a potentially coiled-coil-forming peptide from

CD Measurements-CD measurements were carried out on a modi- syntaxin-lA. The region between positions 194 and 261 is nec-
fled Cary 61 (24) or an AVIV model 202 spectropolarimeter. The original
Pockel cell and Cary linear polarizer in the Cary 61 were replaced with essary for the interaction with synaptobrevin-2 and SNAP-25

a 50-kHz photoelastic modulator (Hinds International, FS-5/PEM-80) (2, 3, 5). The segment necessary for interaction with SNAP-25

and a MgF 2 linear polarizer (AVIV Inc.). The phase-detected output of has been located between residues 199 and 267 (1) and further
the original end-on photomultiplier and preamplifier were integrated delimited to residues 199-220 (4). All of these studies confine
using an Egg Princeton Applied Research model 128A lock-in amplifier, the SNAP-25 binding region on syntaxin to the N-terminal
System automation and multiple scan averaging were accomplished
with an IBM PC-compatible computer interfaced directly to both the portion of the H3 domain (residues 191-266) (2, 4), and a

Cary 61 and the 128A amplifier. Constant N2 flushing was employed, putative minimal SNAP-25 binding domain (residues 189-220)

Spectra were measured at 195-250 nm using a 0.05-cm cell, a 1-nm has been identified (11, 44). Coiled-coil predictions using the

bandwidth, a 0.3-ms time constant, and a cell temperature of 25 *C. All sequence of human syntaxin revealed a region between posi-
recordings were performed in 10 mM sodium phosphate buffer, pH 7.4, tions 199 and 214 with high probability (78%) of coiled-coil
100 mM NaCl, with or without TFE, unless otherwise indicated. Twenty formation.
scans were averaged for every spectrum. Base line subtraction, conver-
sion of measured rotations to mean residue ellipticity [0] Syntaxin-1A mutants containing point mutations (4, 11, 44)

(deg-cm 2.dmol-') (25), and filtering of the spectra using a fast fourier at the a and d repeats of a predicted coiled-coil show reduced

transform filter were performed using the Microcal Origin 3.5 program. SNAP-25 binding, supporting the involvement of this region in
The percentage of a-helical content was estimated directly from the the interaction with SNAP-25 (Fig. 1B). Peptides correspond-
molar residue ellipticity at 222 nm as described by Chen et al. (26). ing to the predicted coiled-coil-forming region of syntaxin-IA
Percentages of secondary structures were also estimated using the have also been shown to inhibit neurotransmitter release (11,
neural network-based K2 algorithm (27). To evaluate the spectral 42 44

changes induced by peptide-peptide interactions in mixtures, the non- 42, 44). Given these considerations, the selected 4-heptad syn-

interacting spectra were calculated from the individual spectra using thetic peptide corresponding to human syntaxin spanned from

the equation, residue 191 to 218 (Fig. 1A, Peptide ST).
Design of the SB Peptide-The region of synaptobrevin-2

[0]th- = ,(ci ni" [0i)1/-(cih n) (Eq. 1) between positions 27 and 96 interacts with both SNAP-25 and

where ci denotes the molar peptide concentrations, nj represents the syntaxin-lA in the core complex (3, 28). Synaptobrevin-2 con-

peptide lengths in number of residues, and [0] values are observed tains a conserved domain between residues 57 and 88, with

mean residue ellipticities. high propensity (95%) to form coiled-coils, and two distinct
subdomains (28-42 and 52-72). Deletion of the region span-

RESULTS AND DISCUSSION ning from residue 41 to 50 abolishes endocytosis (45), and

Peptide Design mutants lacking the segments 41-50 or 51-60 do not to bind to

Basic Criteria for the Design of the Minimal Predicted Coiled- SNAP-25 and syntaxin-lA. The mutants with deletion of seg-

coil-forming Peptides-The sequences of the peptides synthe- ment 31-38 show weak binding to t-SNAREs, whereas the

sized from selected regions from human SNAP-25 (peptide SN), deletion of segments 61-70 or 71-80 results in poor binding to

synaptobrevin-2 (peptide SB), and syntaxin-lA (peptide ST) syntaxin while maintaining the interactions with SNAP-25

are shown in Fig. 1A. Sequence selection was based on six (47). Moreover, a single mutation (M46A) inhibits endocytosis

criteria: 1) information about the minimal domains of SNAP- by 80% and reduces binding to syntaxin-lA and SNAP-25 (45,

25, synaptobrevin, and syntaxin involved in protein-protein 46). Taken together, this information suggests that the region

interactions in the core complex (1-5, 28); 2) botulinum neuro- delimited by positions 40 and 60 is involved in the ternary

toxins (BoNTs) cleavage sites and their effects on neurotrans- interactions that result in the assembly of the docking complex;

mitter release (29-37); 3) sequence specificity of peptides in- therefore, the peptide synthesized encompassed 4 heptads from

hibitors of neurotransmitter release (38-44); 4) effects of point position 40 (Fig. 1A, Peptide ST).

mutations on the process of secretion and endocytosis (4, 11, Design of the SNRD Control Peptide-A control peptide cor-

44-47); 5) predictions of secondarv structure formation of responding to the scrambled sequence of the selected SNAP-25

coiled-coil structures; and 6) a minimum length for a stable peptide was also synthesized. Randomized sequences were gen-

parallel coil peptide of -28 residues, or 4 heptad repeats (48, erated, their secondary structures were predicted using the

49). SOPMA method, and the sequences with an a-helical content

Design of the SN Peptide-The region of SNAP-25 interact- similar to the original sequence were run against the Prosite

ing with synaptobrevin-2 has been localized between residue 41 data base. A peptide with the same functional sites but without

and the C-terminal residue (2, 4). The segment from residue the heptad periodicity was synthesized (sequence shown under

181 to the C terminus is necessary for the SNAP-25-synapto- "Experimental Procedures"), and it was shown to be pharma-

brevin interaction (3). Peptides corresponding to the 20 and 26 cologically inactive. The SNRD peptide, at variance to SN, did

C-terminal residues, the latter analogous to the SNAP-25 seg- not affect Ca 2 -- dependent release in chromaffin cells.

ment released after cleavage by BoNT E, inhibit neurotrans- Secondary structure predictions using the SOPMA method

mitter release with IC 50 values of 10 and 0.25 plo, presumably (21, 22) indicate that all three peptides may form stable a-hel-

by preventing the docking of synaptic vesicles (40, 43). ices in the context of a whole protein structure. Predicted

The C-terminal region of SNAP-25 delimited by residues 169 helicities for SN, SB. and ST peptides were 62, 96, and 86%,

and 206 displays a high propensity 199%) to form coiled-coil respectively, when considered integrated in the protein, in

structures. Two distinct domains are predicted: one from posi- contrast to 42, 57, and 67% as isolated peptides. The behavior

tion 166 to 187 (62%), and the second from position 189 to the of the isolated peptides in an aqueous environment was pre-

C terminus (55%). Accordingly, the 26-residue peptide corre- dicted by using the AGADIR algorithm (23). This program uses
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the segments of SNAP-25, synaptobre- T g e _ e
vin-2, and syntaxin-A represented by the BoN/rA > TQoo
synthetic peptides SN, SB, and ST, re- Aies M # .6A
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arrows denote hydrophobic interactions 9 M202 l1s Ai,* L"

arrows refer to potential ionic interac- R -igi I8o' *L2:5 / <

tions, as described in detail in C. Muta- Riga \. L./ Ks

tions known to disrupt the interactions S205 a d
between proteins (*) are located in the /
hydrophobic core. Mutations known not to L e194
interfere in the assembly of the complex E206 SYNTAXPD S20,
(#) are all located outside the hydrophobic H2, [ST] M215

core. Most of the charged residues are b c
located in the outer shell of the complex Ei,, Ti9,
(positions b, c, and f. Hollow arrows in A 1,20 f K.04

and B show the relative location of Botu- Rao Ei.

linum neurotoxin cleavage sites, which M217 Sig, Dn,

are all accessible on the surface of the S2oo

complex. C, potential interactions be- N21,
tween charged residues of peptides SN, C
SB, and ST. Charged residues in positions
e and g or at i + 3- or i + 4-positions 'can Peptide SN Peptide SB Peptide ST
form intramolecular (squares)or intermo- d e f g a b c d e f g a b c d ef gab a
lecular (circles) salt bridges that contrib-
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complex. _P
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63 1L®D® 67

statistical mechanics to consider short range interactions be- structure from CD data of peptides in the presence of TFE,
tween residues at different pH and temperature. Given the size particularly with regard to the extent that it represents the
of our peptides, they are predicted to be unstructured (4% for native structure in the context of the intact protein from which

SN, 3% for SB, and 2% for ST peptide, respectively) under the peptide sequences were selected.
aqueous conditions. Thus, considering both sets of data, we Trimeric Coiled-coil Model
infer that these peptides can adopt a-helical structures only in
the context of the intact protein and, therefore, that the pres- Theoretical Considerations-A model of one of the trimeric
ence ofhelicity-inducing conditions may be necessary to mimic conformers of the selected peptides forming a coiled-coil struc-

the secondary structure of the peptides in the cytosol. TFE, a ture is shown in Fig. lB. Given the helical wheel representa-
hydrophilic and hydrogen-bonding solvent, has been widely tion, residues at the a- and d-positions stabilize the structure
used to stabilize marginally stable a-helical structures in po- by hydrophobic interchain interactions. According to this
tentially a-helical peptides (48, 50-53). TFE is not limited to model, the synaptobrevin-2 residue Met

4
", which upon muta-

promoting helix formation, since it has also been shown to tion inhibits endocytosis, would be located in the hydrophobic
stabilize p-turns and even p-strands (54, 55). Notwithstanding, core, where such a change would be predictably disruptive. The
TFE-induced a-helical conformation in fragments of proteins mutations in syntaxin that reduce its binding to SNAP-25
known to be p-sheet in the native context has been documented would also be located in positions a and d (residues denoted
(56-63). Therefore, caution must be exercised in inferring with an asterisk in Fig. 1B). Interestingly, the cleavage sites for
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five of the seven BoNT serotypes (BoNT A, B, D, E, and F) are the tertiary structure of oligomeric complexes, peptide-peptide
found in the model peptides, and all are in surface locations interactions producing stable oligomers have been documented
potentially accessible to the BoNT proteases. at concentrations of TFE as high as 50% (70). Interestingly, the

Interchain interactions of e- and g-positions mediated by TFE concentration used in our experiments (30%) has been
charged residues also contribute to the stability of a coiled-coil reported to yield for numerous peptides secondary structures
(64). There are 12 charged residues in positions e and g; ac- that compare favorably with those of the native systems
cordingly, inter- or intrahelical ionic interactions could syner- (71-73).
gistically contribute to the stability of the coil (Fig. 1Q). Polar Equimolar ternary mixtures SN/SB/ST in aqueous solution
residues implanted in the hydrophobic core are potentially showed no interaction between the non-a-helical peptides (not
disruptive, although strategic placement can facilitate correct shown). In the presence of TFE, the spectrum of the SN/SB/ST
oligomerization arrangements (65). In the model, the core con- mixture(Fig. 3E, solid line) was significantly different from a
tains only two charged residues: Arg"'5 (peptide ST) could noninteracting spectrum (Fig. 3E, dashed line) calculated from
establish an intramolecular salt bridge with either Glu'9 4 or the three individual CD spectra (Fig. 3A). The expected a-he-
Glu20 1 (Fig. 1B), and Arg55 (peptide SB) would be at a suitable licity from the calculated spectrum was 35%, whereas the a-he-
distance to interact with the glutamate residues in position g of licity from the experimental spectrum was 46%; i.e. a 31% net
the ST peptide and form an intermolecular linkage (Fig. 1B). increase over the predicted value. The ratios between the in-

In the outer layer (positions b, c, and f), 14 negatively and 3 tensities of the bands at 222 and 208 nm were 0.76 for the
positively charged residues would be exposed. This arrange- calculated and 0.80 for the experimental spectrum, respec-
ment of negative charges mostly in the surface is consistent tively. This larger 0 2 22/i2os ratio is consistent with an increase
with observations by Regazzi et al. (47) that substitutions of in coiling.
negatively charged residues of synaptobrevin-2 do not alter The 31% net increase in helicity observed in the experimen-
function (66) (Fig. 1B). tal ternary mixture spectrum with respect to the prediction

Circular Dichroism Results-In aqueous media, all peptides could arise from the occurrence of distinct binary complexes in
(alone or in mixtures) were unstructured, and neither increas- the mixture. Equimolar binary mixtures SN/SB, SN/ST, and
ing peptide concentration nor changing pH, ionic strength, or SB/ST in aqueous solution showed no interaction between the
divalent cation concentration increased the a-helical content. peptides (not shown). In the presence of 30% TFE, the SN and
Typical single-stranded polypeptides generally do not form sta- SB peptides did not interact in binary mixtures (Fig. 3B). The
ble a-helices in aqueous solution and require the additional helicity of the experimental spectrum was identical to that
stabilization of less polar solvents (67, 68); therefore, we re- predicted by the noninteracting calculated spectrum (36%). In
sorted to the use of the helix-promoting solvent TFE. contrast, spectra from binary mixtures SB/ST (Fig. 3C) and

In the presence of increasing concentrations of TFE (Fig. 2, SN/ST (Fig. 3D) indicated that both pairs of peptides interact
A-C), there was a significant increase in the a-helical content, under these experimental conditions. In each case, the a-heli-
The minimal concentration at which the peptides underwent a cal content calculated from the experimental spectra was
transition from mostly unstructured to partially structured -15% greater than expected for a noninteracting mixture. Pre-
was approximately 30%. At that concentration, the a-helical dicted helicities were 34 and 33%, respectively, for the SB/ST
contents of the SNAP-25, synaptobrevin, and syntaxin peptides and SN/ST mixtures, whereas the experimental values were 39
were 31. 44, and 32%, respectively. At the maximum concen- and 38%, i.e. 15% higher than expected for noninteracting
tration of TFE used (75%), the a-helical contents of the pep- mixtures.
tides were 59, 87, and 85%, respectively. TFE increases the Increasingly higher peptide concentration in equimolar mix-
a-helical content, while it disrupts tertiary and quaternary tures of the SN, SB, and ST peptides in the presence of 30%
structures stabilized by hydrophobic interactions (69); there- TFE (Fig. 4A) also results in an increase in helicity and there-
fore, it was imperative to use a concentration of TFE low fore a stabilization of the complex. Increasing the individual
enough to marginally stabilize the secondary structure of mo- peptide concentrations from 10 to 30 tiM results in an increase
nomeric peptides while still allowing the expression of tertiary in helicity from 46 to 54%. It Js noticeable that the three spectra
interactions. Notwithstanding the disrupting effects of TFE on define a unique isodichroic point, consistent with the occur-
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rence of a sinzIe specific complex. When equimolar ternary increased a-helical content with increasing ionic strength is in
mixtures are er_,osed to higher concentrations of NaC1 in the accordance with data for coiled-coil peptides and can be ex-
presence of 30% TFE (Fig. 4B), there is a remarkable increase plained by the increased strength of the hydrophobic interac-
in the helicity ff•-om 55% at 0.1 M NaC1 to 72% at 0.5 M and 81% tions as the polarity of the medium is increased (69).
at 1 M). This feature is consistent with hydrophobic peptide- Whereas the spectra of all three peptides were independent
peptide interact-ons as suggested by the model (Fig. 1B). The of the peptide concentration in aqueous solution (Fig. 5, A-C),
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in the presence of 30% TFE the increase in peptide concentra- calculated spectrum predicted from the sum of SN/ST and
tion resulted in a concomitant increase in the a-helical content, SB/ST interactions was calculated (Fig. 3F, dashed line). The
as indicated by the increase in negative ellipticity at 222 nm experimental spectrum obtained from the ternary mixture (Fig.
(Fig. 5, D--F). Helicity increased from 30 to 53% for SN, from 41 3F, solid line) showed an a-helical content (46%) considerably
to 49% for SB, and from 35 to 51% for ST. This is consistent higher than expected from a mixture of dimers (38%), suggest-
with the fact that peptides with a-helical structures that are ing the presence of ternary or higher order interactions.
dependent on dimerization or oligomerization show an aug- The specificity of the interactions observed in binary mix-
mentation of a-helical content as the peptide concentration is tures was tested using mixtures of the SN, SB, and ST peptides
increased (74). This presumably arises because the equilibrium with the SNRD control peptide (Fig. 6). The SNRD peptide was
between monomeric peptide (in the form of random coil) and unstructured in aqueous solution, and in the presence of 30%
coiled-coil dimer is shifted toward the formation of the coiled- TFE its a-helical content was similar to that of the SN peptide
coil dimer, which increases the a-helical content of the peptide (spectrum not shown). Equimolar mixtures of SNRD and SN
(65). (SN/SNRD) showed no difference between the spectrum calcu-

Higher peptide concentrations induced a moderate increase lated for a noninteracting mixture and the experimental spec-
in the ratio between the peaks at 222 and 208 nm (0222/0203): trum (Fig. 6A). Similarly, spectra obtained from SB/SNRD and
from 0.68 to 0.78 for SN; from 0.75 to 0.77 for SB; and from 0.88 ST/SNRD binary mixtures showed no difference with respect to
to 0.94 for ST. The ratio between the intensities of the bands at the calculated noninteracting spectra (Fig. 6, B and C). The
222 and 208 run may be regarded as a measure for the extent slight differences observed in the figure are not statistically
of coiling of a-helices around each other. The 222-nm CD band significant as assessed using a Student's t test on the nonfil-
is mainly responsive to the a-helical content, whereas the band tered spectra. In the case of mixtures assayed in the presence
at 208 nm is sensitive to whether the a-helix is monomeric or is of 30% TFE, the situation is the same: there is no interaction
involved in tertiary contacts with other a-helices (75-77). between SN, SB, or ST and the control peptide (Fig. 6, L-F).
Therefore, this is an additional criterion for the formation of This indicates that the interactions observed upon increasing
stable coiled-coil structures. Each set of curves defined a peptide concentration or mixing with other peptides, either in
unique isodichroic point, consistent with a single monomer- binary or ternary mixtures, is sequence-specific.
dimer equilibrium, which indicated that the oligomerization Conclusion
observed was sequence-specific and presumably stabilized by a
concerted set of ion pairs in a defined spatial arrangement. Our study identifies a minimal entity that opens a new

The ratio of the 222- to the 208-nm peak is an operational perspective for the study of the molecular interactions between
index to detect the presence of pure coiled-coils. For peptides SNAP-25, synaptobrevin, and syntaxin. Three distinct syn-
stabilized at low TFE concentrations, an equilibrium between thetic peptides patterned after the sequences of the putative
monomeric and multimeric states is anticipated, resulting in a coiled-coil-forming domains of the main components of the
profile intermediate between a pure coiled-coil and a predom- docking and fusion complex self-assemble into a complex that
inantly monomeric situation. Given that the peptides exhibit a exhibits spectral characteristics consistent with a coiled-coil
relatively low a-helical content and that there is a substantial structure. A synthetic coiled-coil ternary complex provides a
fraction of peptide in monomeric form, the formation of homo- basis for further developments: 1) the ternary complex appears
meric or heteromeric arrays arising from interhelical interac- suitable for both crystallization and NMR spectroscopy that, in
tions would result in an a-helical content of the mixtures larger due turn, may yield a high resolution structure of the fusion
than that expected from a spectrum calculated from the indi- core complex; 2) it represents a conceptual framework to assist
vidual spectra (Fig. 3A). in the design and test of new peptide inhibitors of neurotrans-

To address the question of whether the increase in a-helicity mitter release; 3) it provides leads for the design of small
observed in the ternary mixture could be accounted for by mere molecule peptidomimetic drugs; and 4) it may be valuable to
binary interactions between the SN, SB, and ST peptides, the generate specific antibodies to block neurotransmitter release.
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34.13 34.14

APRPICATION DF CO.'NED FLUORESCE!`, IN SITU HY=RXATION AND INSULT-INDUCIBLE GENE EXPRESSION CONFERRED BY A HEPF`ES SIMPLEX ViL- S
IMMUNOCY'OC•..MISTRYT7ODETEPJ/,INEEFFICIE',YYOr-SENE 1TRA.'SmEMEDIATEDBY AMPUICON VECTOR CONTAINING A SYNTHETIC GLUCOCORTICOID-RESPONSrE
A HERPES SlMEX VoIRdS AMPLICON VECTOR DJ Tsai. CR C:awa' and RM PROMOTER C R. Ozawa'*, DY Ha' and R.M. Sapolskb,"2. Neu'osciences Prograr'
Sapotl '. 'r-martment Y Biological Sciences, S:elfo,' Jnives'.y an: :Neurosciences Stanford Universty ffMedical School, and Department of 5Bologica: Sciences;. Stanfr':i
Program, Stanfi"e University Medica! Sckhool, Slants- CA -4305 Universty, Stanford, CA 94305.

We have adac!ed fluorescent in situ hybridizatio" z!S- and rm)u'ron-cr,-herinsry (ICC) Herpes SimnpleI Virus (HSV) amplicon vectors encoding va-nous tra.spgenes (i e gtuc.s-."v
for cc-detectior c' transge"es and ther products tr,•s'enec cy a de'eccav -erpes Simplex transporter-f, bod2i have previously been shown to significantly attenuate neuron dea-er
Virus (HSV) a-cicon vector into a host cell Ut. -sg vecarate f.,aonent labels (i e caused by nerotic insults such as ischemia, hypoglycemia, and seizure in -or
rhodaurrne, tf.,,escein, and 4'-E-diamidino-2-c-en/, -ioole FA.p: and confocal hippocampus. A limitason to the utility of such vectors as a gene tnerapy stategy 1:r
micros py, we ,ere able tc simultaneously derev ::anrsegnes. trne.. N, acts, and their intervention of necrotic death, however, is that transcroiton of traengenes is currerrn.
tocatons relatre tso the nacear compartnent of a snIne ceo. Deect:;- :' .eporter genes under constitutrve rather than inducible control. A novel apprcech to regular,,-;
(i tac"Z) and ce encode.: proteins (i e ,-galactos case, wes accorr..us"ert in both mixed transgerte expression is to use stress-inducible promoters, so that the signal for induct.,or
rat hppocanipa :JcIures an'i in vivo expenments of ,-re de.te 7A gyrs c' -25 This method is the insult itself.
provides an alce-ative tc cuarent Utering protocols cased solely on ,-ý '.iocytochensstry, The ability of a synthetic promoter containing gluctcorticoid responsive elern."n-o
which cannot be applied tc inducible systems in i- ,h tra.sgene eoc-us on is normally upstream of a mirrannal promoter to respond to stress signals was assessed in -s
quiescent and 0ces not account for infected cells Inu- larl t express src:er" By using FISH hippocampal prri-ary cultures. A reporter gene (toc) was placed under direction of c-c
to titer we are ane to ob:a,n a more comprehensn,* assessment o tfv e-cxency of gene promoter, and thee bene course and extent of lucife-ase expression induced cr
transfer into ce s physiologically-relevant steroid levels was measured. Maximal induction (approx 30--i!

In gene therso", applications employing HSV arn con ectors a ;-e.a,:ng problem is fold above control) was achieved two hours after additon of ste-od concentrat,cs-.s
downregulation o! transgxre expressnon over sr-v Pae" studes raoo suggested thal equivalent to .those triggered in vivo by necrotic insult (10' M, Intducton wo.
although proler and RiA ievels rapaidy decline a.stor --.A leies a ': -issue remain demonstrated to be tightly dose-responsive and steroid soecific (resoonsive to natse'
constant We Rave appled FISH and ICC to ex7:nne t downrev;da*cz of transgene and synthetic g=raocorticoids, but not to estradiol, testosterone or progesrercnr
expression in a sI;le cell czrrelates w;th loss of vec::t DtO from tme n:s: :ae: nucleus or to Preliminary results in vivo in rat hippocampus suggest that this vector may be inducee cm
nuclear Iocaliza-o:n of a tru-sgene In addition, we t:.- at cre relatlostc cevween multiple high circulating concentrations of glucocorticoids or by kainic acid-irmaced seizure 7--
infections of the ral vect:o and the stability of trea-ene express~o- a'- n. a cell. These neuroprotective potential of these inducible vectors against necrc:t- insults is be -;
studies may offsr insight into te mechanisms by *e th genes trars'vec Dy viral vectors examined when glucose transporter-f is added as the induced transgen.e These stuIet
lose their stablt, over time will hopefully provide insight towards clinically applicable treatments for reduction of r& -

Support via Ho,%ad Hughes Predoctoral Fellowsh; ": ̂R! and N', •.-- '.532848. injury caused by necrotic insult.

Support via Howard Hughes Predoctoral Fellowship to CRO and NIH P.R1 NS328.8

34.15

CHARACTERIZATION OF TETRACYCLINE s.uINSITIVE sFAP PROMOTER
FOR AUTORFHEGULATORY GENE-EXPRESSION IN TRANSQENIC RAT
ASTROCYTES W Bar K'ni. I Ku L I S P K.- kO. Dept. of
,Ntvteular Geoerrss. W~erh.Aursr Research. Pn-.ai'tn. NJ OhS-tO

Ve esaluated ulerrraie mneihids for ictrasaclinu-:r.Juibe iran-gots .s5 exprvss-ivn
in rat -atrnicyre, The nautehurian GFAPpromrno.rvsua' tdfic. :nludelor8
copies sf the tet-o'peron in plase sf a ars'i enhancer ec'n,:: rendering it
responni•c to rer-acsschnc regulation. These chan•g•gser ire sie a4! reducing basal
promover sucn.::' and tTA tranxsatiisaisr tisictti, s.hilc puminitir•.i" a l, inductisn
ofi eprnsiinn si.tin the gene is released from ier-,,ppressivn.

The promoters sere initially studied in sinrs u,;ng a biciniroin rernier syýsesn
(lucifera.ie and tTA transuima.tr separated 1,% an internal ribosme sn site). All 3
promoters shos-ed preferential expression in glial cells under basal o.In0d::ons in the 4
cell lines that .cre tested IC6,glioma. CHO-KI. SK-N-SH. andJ HT-1080).
HoIweser. GFAPsst and GFAPterOI prometers re:ained glial .'el! ' lts in the
absence of dox..,cline vsbhile GFAPtesOS increa-ed signiFiscan•l all cell lines.
Basal promoter astisiries of GFAPOI and GFAPOS in C I--lse -. i days after
trnsfnectivn %,ere 1:546 and 1:250. %hspeciiel.. ssben cor.a•J nrse OFAP.
These promoters aumo-induced bh 3-7 fhld in :he aulecnce iif DON. roa.ý:ng 1: 146 and
1:35 the levet of GFAPsst. res.pectisel.,.. Ir ,tabl% ranif.:e• Cb-gliomas.
GFAPicrOI shoved basal proinoter actis.i. of 12'b2 and our,: activ ity nf
1:500 compared to the narise GFAP promoter afstr 12 dae P s% o ,

The recultis indiiate that Ii basal GFAP promoiter acti it%, can '.v Ju.sed without
altering cell spsrs.ficit) bC enhancer mtdificatiin. 2i the in idi i.:.,n made hlre
confers regulation b, dvsscvclinc/hTA. and .r there is a d•ie deoi-cni relationship
bheiseen the ret-.peron and cell-specificii'. We an: curren.', e.a.au:ne GFAP and
GFAPOI prsm-mters in iran,genic rats I ,r glal-spe•ercl cyprcs-in and auto-
inductissxi.

PRESYNAPT1C MECHANISMS: RELEASEI MACHINERY

35.1 35.2
PEPTDES COMPOSED OF CARBOXY-TERMsttNAL DOINL.-NS OF SNAP-25 INTERACTION BETWEEN SNAP-25 AND SYNTAXIN IN CULTURED CELLS
BLOCK ACBTYLCHOLD;E RELEASE AT AN APLYSL4 SYN.PS•E. I..Ast"- CONTROLS THE EXPRESSION AND TARGETING OF SNARE PROTELINS
L& A ierf. M. Adter'- A.V. Ferrer-Monnie9. (. (InacaY s n. prert' INVOLVED IN EX4CYTSIS. N.E. Le/C - . V. Canino. and N! C. Wilsn* D1tpi.
'Neurotoxicology Branch, USAMRICD, Aberdeen Proving Ground. .MD 21010-5425; of.%.VeumscsiSeCs Schosl ofsrdirine. i.s VL. i t ri If s.isi, A/hr:, erCe. AM 871 1."2Derf. of Biology, UCSD, La Jolla, CA 92083-0366. Die vorv - €ilv sir Ire 'snayrse sesssle diskinstlauisn nash r' that serves an

Busotsum neurntoxin serotypes A and E (loNT-A andI BeNT-El blsk: the soatfoldir- iv retrat assessor' prosic, necessary Isr rv.v:'i cnise)ttosts is
tnearotraounsitter re.tsex, presumably by cleaving SNAP-25. A 20-a=r=e"o acid peptide comprised of p siima nsesrbrane prote.ins SNAP-25. s% ntaxin and :he vesicle prtnci
called EStjP-A (excitation-secretion uneoupling peptide) spars die Ccavare site for VAMP. \\hie SNAP-n5 plats, a principal role in tIhe reluase of niv-s transmitters xia
BssNT-A and ni'/ics the carbox'y-terminal domain ofnSNAP-25 Ousirez er al. ("EBS peptides from e--ron, and neurnsndsvorine celvI. it has bevn also implicated in sestusar
Lrft. 372:39, 1995) showed that this pnpride ininhbited traniser rela.n from iraflilkin-: r -d for neursie xen,ion. (Theyv difltcrvnt roles of SNAP-25 na' t1e
plrtneabtxzed bovinae chromaff'm eals, apparently by blocking vesicle docking platoed by de,--'.rn enall regul iied isolirins: SNAP'25h and SNAP-Z .) Our studi•es
(Gutierrez et rl. J. Biol. Chum. 272:2634, 1997). Two similar p dLres that span the sene fiivtud to determine sbvciler interactions bet.een SNAP-25 ' ] synsaxin ,,:.
cleavage site for BoN'-E. one with 20 amino acids (ESUP-E2¢'; and mcs with 26 (ESUP- regulate the ex•sssion and tsserhrane targeting of these nis,leculet, Sseady-sitate lo.cis
E26). hbae also been synthesized. ESUP-E.26 is reported to be much more potent than ot SNAP-2. antd s, ntasin .cre determined b' itnnnislsstuing an., r"Ics or synthe.sis
is ESUP.F.20 in cheomaffm cells. These peptides were tested for effeuts on and turniver b.% in s iso lahelin'g sf traiolecred nsn-neuronal cell line, tour results st"
aceaylcholine (ACh) rtle.sre at an identified chelinnrgie sytpýse of.4l,"na neurons. that the aceast-:wure leset ol orsl SNAP-25 isotorms aus gren:i' reduio.d by ext,

Reordings were obtained from isolated buccal ganglia of Acvasin. roe presyatplic exprassiso -ito ss niacin. PalcI slsulins' and stay. esyoristiusi, der:ser-ate0d that this
neur %as stimulated electrically to elicit aidion Posentials. 'bhe poasaic neron vas not due e-anslatssnal regulatisu but sugecst that the decniraa.se a in part due Iso
Was voltalgeclamped, and evoked inhibitory poissnatetia tuff.-a (1PSs) were rapid turamnser -f SNAP-25 si presence of ssntrain. When expressed :nlependently. thehalt-life ofs ttn p protein- sas I I- hr: ltsseoer %hen cu-exprevsed a laige csiiponpstc
recorded. ESUPs were pressure-rinjeted into the presymaptic n.mron. an•I their effecta shiso.od an increx,.ed turnover rate of I-2 hr. In cntrasst tu the integral ietnt.hiane prorsian
wnre atudied. ACh release from presyaptic cells, as measured by IPSC amplitudes, s. ns.:sin. inorrn~ic rctrhrane aseosiatisn ofs SNAP-25 requires pi:-:.ranslatinsuat Its*"Win gradually inhibited by the petlides. ESUP-A, ESUP-E20 end ESUP-El26 all canusei acslarioin. Nu'•=ions lhai either vlitninaie 'steine residues ilia: s.r-e as sites of
about 407 reduction in IPSC amplitude in 2 hr. Raaldom-seqp.,enee prvapimofthe •aae palnist1T1 atissn sn SNAP-25. or the trninsenibranc rcgi,,n -',asseaxin legat."
ataino acid compositio as ESUP-A and ESUP-EM6 had no effct. Innaection of BuNT E, elimrinated the ,.-eTca-d cxprssion seen in ,co-transtect.iisns. Nsinrtlhetess. inteai
o contrsn,. causted about 50 reduction in IPSC amplitude in 30 oao. std almot t deyntas.in %as abtle to ell.cvtssl% recruit the vsiteine-less SNAP-25 mutants in
complete inhibition in 2 hr. These results suggest that ESUPs compete with intae siembrane frn.-ts'ns. Thtse resu is houss that cellular interauction bhe• can SNAP-25 and
SNAP-25 for binding with other fusion proteins, thus inhibiting esoeuyeuia of n.rxin requir-es both proteins to be indepndenttv targeted to sIte e,-mbrane which is
Ourotnr,,tintter. Production of peptide fragments by BoNT-indu ced cleavage of likdl) to he an important step in goiserning the aus%,cihl stf lite icking and farsin
synaptic proteins may indirectly contribute to inhibition of nairorranueir release. machinery rev..sred for neurotransinitttr relcase. (Funded b% NIH MH..i-409i.
SOPPC-d FO D ND2
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812.1 812.2
A NOVEL PROTEIN REQUIRED FOR STRORE-OPERATED MOLECULAR CLONING AND FUNCTIONAL EXPRESSION

CALCIUM ENTRY OF RAT STORE-OPERATED CA" CHANNELS. N.Misz&•*
, Chaoxian Gea. Hung-Tat Lemng. Young-Se6k Hong, Cheniian Li. Lydia .Kitym Y. Saishin Shimada.

L. R. Strong. and William L. Pak, Department of Biological Sciences, [-.Kurihara. T. Dohi.J 'Dept. of Endodontology and
Purdue University. West Lafayette, IN 47907 Periodontology. Hiroshima University School of Dentistry: 'Dept.

The TRP protein of Drosophila is a founding member ofa family of of Anatomy. Nagoya City University Medical School: 
3
Dept. of

store-operated calcium channels. Several proteins, including INAD, Pharmacology, Hiroshima University School of Dentistry;
PLCP, TRPL. calmodulin and probably rhodopsin. have been found toS~Hiroshima, 734-8553, Japan.

form a multi-molecular complex with TRP, and tise conmplex seems,. ,for a ult~moleulr cmplx wih TP, nd he cmplx semsCapacitative calcium entry (CCE) demonstrated in various cell

necessary for effective signal transduction in the fly photoreceptors.
We isolated a new Drosophila mutant, inaF, by P-element-mediated types pla sti important role in cell signaling. Depletion of

mutagei"esis. Molecular cloning of the MaFgene showed that it encodes a intracellular Ca"" store activates Ca" influx from extracellular space
novel, soluble protein. The null iaFnmutants, isolated by imprecise through plasma membrane channel, called store-operated channel

excision of the P element, exhibited electrophysiological phenotypes tSOC. Identificationt of trp (transient receptor potential) gete fromt
I = : . D,'o.pthiia photoreceptor and the subsequent molecular cloning of
indistinguishable from null trp mutants in all parameters of photoreceptor
potential examined. The results suggest that in the absence ofthe INAF human homologtes suggested that trp or its related gene may

protein, the TRP channel cannot function. We carried out biochemical participate in CCE or SOC. In the present study, we haye identified
analyses to examine possible interactions between the INAF protein and five different trp-related amplifications by reverse-transcription-
"other known proteiu components of the phototransduction cascade. The pol)nierase chain reaction (RT-PCR) from rat various tissues. and
null iraF mutation seems to cause a drastic and specific reduction iti the designated rtrpl,3,4,5,6. Front rat brain cDNA library, we isolated
amount ofTRP protein but does not eliminate the protein. Our results two nosel hotmologous, rtrp3 and rtrp6. By RT-PCR and in stit
suggest that INAF protein is required for the store-operated calcium entry hybridization, mRNAs of rtrp3 and rtrp6 were found to be espressed
(SOCE) probably by either directly interacting ssith the TRP protein or differenil in brain and other various tissues. Cat- entry in response
regulating the amount of TRP protein at the transcription and translation to thapsigargin-induced store depletion was demonstrated in COS
levels. (Supported by NIH Grant EY00033 to WLP) cells espressed rat TRP3 and TRP6, suggesting that trps function as

SOC.

812.3 812.4

STORE-DEPENDENT CALCIUM INFLUX IN CULTURED MAMMALIAN BOTULINUM NEUROTOXIN A INHIBITS CAPACITATIVE Cat"
CENTRAL NEURONS. V Pinelis". D. Favuk-, T. Storozhevvkh'. N. Andreeva

5 , INFLUX BUT NOT Ca2" RELEASE IN .\XENOPUS OOCYTES.
L. Khasnekov". 0. Vergun2, A Lvzhin

3
, N. Grigortsevich:, N. Vinskava' B. Yong Yao*, Antonio V. Ferrer-MontieF. Mauricio MontaF and

Khodorov- 'Institute of Pediatrcs. : Institute of General Pathology and Roser Y Tsien' 'Dept. Pharmacology and :Dept. Biology, University
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Abstract

Glutamate receptor channels of the NMDA-type (N-methyl-D-aspartate) and non-NMDA-type (GluR) differ in their pore
properties. The N-site in the M2 transmembrane segment of NMDA receptors (NMDAR), or the corresponding Q/R-site in
GluRs, is a pivotal structural determinant of their permeation and blockade characteristics. Substitutions at a second site in M2,
the L-site (L577) in GluR1, drastically alter the receptor selectivity to divalent cations. Here we report that M2 mutants carrying
an asparagine or a threonine residue at the Q-site of GluR1, along with a tryptophan residue at the L-site, form homomeric
GluRI channels that are highly sensitive to structurally diverse, uncompetitive NMDA antagonists such as arylcyclohexylamines,
dibenzocycloheptenimines, and to morphinian and adamantane derivatives. Analysis of the voltage dependence of channel
blockade locates the blocker binding site - 0.65 partway into the transmembrane electric field in both GluR1 mutants and
NMDAR channels. Our results suggest that the homomeric GluRl double mutants, L577W/Q582N and L577W/Q582T, fairly
approximate the pore properties of the heteromeric NMDA receptor and support the structural kinship of their permeation
pathways. © 1998 Elsevier Science Ltd. All rights reserved.

Keywords: Adamantane derivatives; Arylcyclohexylamines; Dibenzocycloheptenimines; Morphinian derivatives; Neuroprotectants

1. Introduction heteromeric proteins composed of GluR1-4 subunits,

while KA receptors are formed by GluR5-7 subunits

Glutamate-gated channels, also known as ionotropic (Hollmann and Heinemann, 1994; Nakanishi and

glutamate receptors mediate excitatory neurotransmis- Masu, 1994). NMDA receptors, in contrast, are het-

sion in the central nervous system (CNS) (Collingridge eroligomers formed by the co-assembly of the ubiqui-

and Lester, 1989; Nakanishi, 1992; Choi, 1992). Gluta- tous NR1 subunit and one or more of the NR2

mate receptors are subclassified into N-methyl-D- subunits (NR2A-D) (Hollmann and Heinemann, 1994;

aspartate (NMDA), o-amino-3-hydroxy-5-methyl-4- Nakanishi and Masu, 1994). Recently, it was reported

isoxazole propionate (AMPA) and kainate (KA) recep- that homomeric GluRs and heteromeric NMDA-gated

tors according to their pharmacology (Hollmann and channels have pentameric subunit stoichiometry (Fer-
S Heinemann, 1994; Nakanishi and Masu, 1994). These rer-Montiel and Montal, 1996; Premkumar and Auer-receptors are oligomeric proteins and the existence of bach 1996a).
rseveral subunits of a given GluR subtype expands the At variance with AMPA and KA receptors, thestructural and functional diversity of this receptor fai- NMDA receptor is highly selective to Ca2 + andstrctualandfuntinaldiersty f hisrecptr fm- blocked by external Mg2+ in a voltage dependentily. AMPA receptors may be either homomeric or bokdb xenlM 2

+i otg eednmanner (Mayer et al., 1984; Mayer and Westbrook,

*Corresponding author. Tel.: + 1 619 5340931, fax: + 1 619 1987; Ascher and Nowak, 1988; lino et al., 1990; Jahr

5340931; e-mail: montal@biomail.ucsd.edu and Stevens, 1993; Kawajiri and Dingledine, 1993;
1 Present address: Neurosciences Program, University of Southern Zarei and Dani, 1994). The remarkable Ca2 +-perme-

California, Los Angeles, CA 90089-2520, USA. ability of the NMDA receptor underlies its pivotal

0028-3908/98/$19.00 © 1998 Elsevier Science Ltd. All rights reserved.
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Fig. 1. (A) Schematic representation of the presumed locations of the N/Q-site and the W/L-site in the putative membrane embedded stretch of
M2 for NMDAR (left) (Kuner et al., 1996) GluR1 (right) and the GluR1 L577W/Q582N mutant (center). Assignment of the blocker binding site
corresponds to the constriction of the pore lumen and is calibrated according to 5, the electrical distance from the entryway (out) to the binding
site (Fig. 4, Eq. (3)). Amino acids within circles highlight similarity; residues within boxes are identical. Single letter code used; numbers indicate
the position of the residue in the deduced amino acid sequence. Nt and Ct denote N- and C-terminals. (B) Uncompetitive NMDA antagonists
acting as open channel blockers. Structural representation of the arylcyclohexylamines PCP and ketamine, the dibenzocycloheptenimine MK-801,
the morphinian derivatives dextrorphan and dextromethorphan, and the adamantane derivatives amantadine and memantine.

involvement in both the physiology and pathology of and Lester, 1989; Olney, 1990; Choi and Rothmann,
the CNS. NMDA receptors have been implicated in 1990; Herrling, 1994). Therefore, the NMDA receptor
induction of long term potentiation, a process associ- is a key target for pharmacological intervention in
ated with learning and memory (Collingridge and glutamate excitotoxicity processes (Schinder et al.,
Lester, 1989; Jessell and Kandel, 1993; Stevens, 1993). 1996) and uncompetitive NMDA antagonists acting as
Prolonged stimulation of these receptors, however, open channel blockers are considered candidates for
overloads neurons with Ca2 + leading to neuronal drug development (Huettner and Bean, 1988; Chen et
death, a process that may contribute to the etiology of al., 1992; Parsons et al., 1993, Iversen and Kemp, 1994;
several acute and chronic brain disorders (Collingridge Parsons et al., 1995; Bresink et al., 1996; Koroshetz and
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Moskowitz, 1996; Blanpied et al., 1997; McBurney, 2.1. Site-directed mutagenesis, cRNA preparation and
1997) (Fig. 1). microinjection into Xenopus oocytes

The structural determinants that specify the differ-
ent pore properties exhibited by GluRs and NMDA GluR1 is a cDNA clone encoding a functional
receptors are beginning to be defined. The M2 seg- AMPA receptor from human brain (Sun et al., 1992).
ment appears to be the major component of the pore- NR1 (Planells-Cases et al., 1993) and NR2A (Le
lining structure (Dingledine et al., 1992; Mori et al.,
1992; Burnashev et al., 1992a,b; Sakurada et al., 1993;
Ferrer-Montiel et al., 1995, 1996; Montal, 1995) (Fig. A NMDAR
I(A)). Site specific mutagenesis of asparagine at posi-
tion N598 in M2 of NMDAR subunits, known as the Memantine Dextrorphan
N-site, demonstrates its participation in Ca2 +-perme- - -
ability, Mg2 +-blockade, and drug binding (Mori et / +drug T du

al., 1992; Burnashev et al., 1992b; Sakurada et al., aL5 A t O5iA
1993; Ferrer-Montiel et al., 1995; Sharma and
Stevens, 1996; Wollmuth et al., 1996). Likewise, muta-
tion of the cor-responding Q582 in M2 of GluR (Q/R- ru S ugi

site) modulates the ionic permeability and blockade
properties (Hume et al., 1991; Mishina et al., 1991; Dextromethorphan Ketamine
Verdoorn et al., 1991; Dingledine et al., 1992; Jonas--
and Burnashev, 1995; Burnashev et al., 1996). Substi-
tutions of L577 in M2 of GluRI (L-site) markedly A +drug 4(
modify the selectivity to divalent cations (Ferrer-Mon- I"0OAA 1.OgA"+drug

tiel et al., 1996). Furthermore, GluRI mutant chan-
nels carrying a tryptophan in the L-site and an -drug -drug

asparagine or theronine at the Q-site exhibited sensi-
tivity to block by phencyclidine (PCP) and dizolcipine
(MK-801), two uncompetitive NMDA antagonists B GluR1(L577W/Q582T)
(Ferrer-Montiel et al., 1995). The sensitivity to

NMDA receptor channel blockers and the high Ca2 +- Memantine Dextrorphan
selectivity suggest that the GluR1 double mutants - -

L577W/Q582N and L577W/Q582T may mimic the +"ug

pore lining of the NMDA receptor. In this paper, we O.5gA t5gA t Ug
pursue the characterization of this GluR1 mutant
channels, hereafter denoted as the GluRi L577W/
Q582N and L577W/Q582T channels, and show that
these are blocked by an array of structurally diverse r.s
open channel blockers of the NMDA receptor in a Dextromethorphan Ketamine
voltage dependent manner. Collectively, our results
substantiate the structural kinship between the perme-
ation pathways of homomeric GluR1 L577W/Q582N +drug
or GluR1 L577W/Q582T and heteromeric NMDAR 1.O±A 0A 1.OgA

channels.
-drug -drug

Fig. 2. The channel activity of the GluR1 L577W/Q582T receptor is
inhibited by NMDAR channel blockers. Blockade of the NMDA

2. Materials and methods receptor (A) and the GluRl L577W/Q582T double mutant (B) by the
uncompetitive NMDA antagonists memantine, dextrorphan, dex-
tromethorphan and ketamine. NMDA receptors were activated by

All the drugs used were purchased from Research 100 1tM L-glu/20 jtM gly and GluRi channels by 500 jiM KA in
Biochemicals International (RBI, Natick, MA). Ba 2+ -Ringer's supplemented with 100 tM niflumic and flufenamic

All the procedures have been described in detail acids. Evoked currents, indicated as downward deflections, were

elsewhere (Ferrer-Montiel and Montal, 1994; Ferrer- recorded at Vh = -80 mV in the absence (-drug) and presence
Montiel et al., 1995; Ferrer-Montiel and Montal, 1996; ( + drug) of the inhibitors. GluR1 L577W/Q582T double mutant and

NMDA receptors were blocked by 100 and 10 tM blocker, respec-

Ferrer-Montiel et al., 1996) and are followed accord- tively. Agonist was applied for the duration indicated by the horizon-

ingly, unless otherwise indicated. tal bars.
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(A) NMDAR 2.2. Electrophysiological characterization of receptor
mutants in Xenopus oocytes

1.0-
A Whole-cell currents were recorded with a conven-

10.8- tional two-microelectrode voltage-clamp amplifier at
00 .20 0C (Ferrer-Montiel and Montal, 1994). All electro-
•0.6- physiological studies were performed in Ba 2 +-Ringer's

"solution (in mM: 10 N-tris[hydroxymethyl]methyl-2-

•0.4- aminoethanesulfonic acid pH7.4, 115 NaCl, 2.8 KCI,
3 -0 Ketamine • \1.8 BaC12, 0.1 flufenamic acid, 0.1 niflumic acid).
D 0.2- Dextr r0han GluR1 channels were activated by application of 500

V Dextromethorphan
SMiemantine -gM KA in absence or presence of increasing concentra-

0.0 1............ tions of channel blockers at a holding potential (Vh) of
10"1 10 .9 10-8 10-7 10-6 10-5 10-4 - 80 mV. NMDAR channels were activated with 100

[Drug] (M) gM L-glutamate (L-glu) supplemented with 20 jIM

(B) GluR1 (L577W/Q582T) glycine. Responses were normalized with respect to that
evoked in absence of channel blockers. Dose-response

1 .0. curves were fitted to a Hill equation (Ferrer-Montiel et
G7... 1 a]., 1995):

1_0.8- 1

o0.6- 
I max 1+ [blocker])nH

where IC 50 denotes the channel blocker concentration
00.4- that inhibits half of the response obtained in its absence

(Imax) and, nH denotes the Hill coefficient which is an
M 0.2- estimate of the number of drug binding sites (Levitzki,

1984). Experimental data were fitted to the Hill equa-
0-8 7 . 0 " "04 . tion with a nonlinear least-squares regression algorithm

[Drug]l(M) using MicroCal ORIGIN version 2.8 (Microcal,Amherst).

Fig. 3. Open channel blockers of the NMDA receptor block the I- V characteristics were recorded using a ramp pro-
GluR1 L577W/Q582T channel with high affinity. Dose-response tocol (pClamp 5.5 (Foster City, CA)): oocytes were
curves for blockade of NMDAR (A) or GluR1 mutant receptor (B) depolarized from - 80 mV to 40 mV (NMDAR) or
by uncompetitive NMDA antagonists. Agonist-elicited responses,
measured at the end of a 8 s pulse, were normalized with respect to from - 100 mV to 20 mV (GluRI L577W/Q582N and
those obtained in the absence of channel blocker. Current responses L577W/Q582T) in 2 s (60 mV/s). Leak currents were
from the NMDAR were evoked by 100 .IM L-glu/20 iM gly and measured in the absence of agonist in the external bath
from the GluR1 L577W/Q582T channel by 500 gM KA. Ionic medium and subtracted from the ionic current recorded
currents were recorded at Vh = - 80 mV in Ba 2 + -Ringer's (supple-

mented with 100 gM niflumic and flufenamic acids). Solid lines depict in the presence of the ligand. To study the voltage
the best fit to a Hill equation (Eq. (1)). Open symbols joined by dependence of channel block, the ICs0 values for most
dotted line are corresponding values for wild type GIuRI channels of the blockers were determined at different potentials
blocked by memantine. The IC 50 values and Hill coefficients are listed ( - 90 mV < V < -- 40 mV in increments of 5 mV) and
in Table 1. Values are given as mean + S.E.M. with n = 4. plotted as a function of the applied voltage. For dex-

trorphan, which showed slow dissociation kinetics, IC50
values were obtained using a stepwise voltage protocol.

Bourdelles et al., 1994) (kindly provided by Dr Paul
Whiting) are cDNA clones encoding two subunits of an 3. Results
NMDA receptor from human brain. cRNA (5-10 ng)
microinjection into oocytes, and site-directed mutagene- 3.1. GluR1 channels incorporating a tryptophan at the
sis were as described (Ferrer-Montiel and Montal, L-site and an asparagine or a threonine at the Q-site
1994; Ferrer-Montiel et al., 1995). GluR1 and NR1 emulate the sensitivity profile of the NMDA receptor
mutants were generated as described (Ferrer-Montiel et to open channel blockers
al., 1995). Recombinant NMDA receptors were ob-
tained by co-injection of NR1 or NRl(N598Q) or GluR1 L577W/Q582N and L577W/Q582T channels
NR1(W593L/N598Q) and NR2A subunits at a ratio display high sensitivity to PCP and MK-801 blockade
1:3 (w/w). suggesting the presence of a binding site for NMDAR
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Table 1
Channel blockade of GluR and NMDAR channels by uncompetitive NMDA antagonists

Species Memantine Ketamine Amantadine Dextro-methorphan Dextrorphan

IC 50 (iiM) nH IC50 (1 iM) nH IC5 0 (jiM) nH IC 50 (jiM) nH IC50 (GtM) nH

NMDAR 0.3+0.1 0.6±0.1 0.4+0.1 0.7+0.1 24+5 0.8+0.1 1.0+0.4 0.7+0.1 0.03+0.01 0.4+0.1
N598Q 6.5+2.0 0.7+0.1 12+4 0.8+0.1 >250 - 34+20 0.6+0.1 26+5 0.6+0.1
W593L/N598Q 10±+2 0.7+0.1 35-+20 0.7+0.1 >250 - 43 + 18 0.7-+0.1 18-+7 0.5-+0.2
GIuR1 > 250 - > 250 - NB - NB - NB -
L577W/Q582N 13+2 0.6_±0.1 29+1 1.0+0.1 260+80 0.7+0.1 19_+1 0.8+0.1 14+1 0.7+0.1
L577W/Q582T 1.3+0.1 0.7±0.1 7+1 0.6+0.1 50+10 0.6+0.1 8-+1 0.7+0.1 8+2 0.6+0.1

IC 50 is the concentration of drug necessary to block half of the maximal response elicited by 100 jiM L-glu/20 jiM gly (NMDAR) or 500 jiM
kainate (GIuR1) at -80 mV. IC50 and nH were determined from the best fit of the experimental data to a Hill equation (Eq. (1)). Values are given
as mean + S.E.M., with n = 4.
NB: not blocked.

open channel blockers (Ferrer-Montiel et al., 1995). To indicate that the N-site is a structural determinant of
define the properties of this blocker binding site, we channel blockade by the wide array of drugs tested.
examined the sensitivity of both GluR1 L577W/Q582N
and L577W/Q582T channels to an array of structurally 3.2. The voltage-dependent blockade of GluRJ
diverse NMDAR open channel blockers (Fig. I(B)). At L577W/Q582N, GluRJ L577W/Q582T and NMDAR
10 [tM, memantine, dextrorphan, dextromethorphan channels locates the blocker binding site at a similar
and ketamine blocked > 90% of agonist-evoked current 'electrical depth' across the transmembrane pore
in NMDAR and GluR1 L577W/Q582T channels (Fig.
2). Dose-response curves show that the array of drugs Open channel blockers of the NMDA receptor exert
assayed blocked NMDAR channels with IC 50 values their action in a voltage-dependent manner (Huettner
ranging from 0.03 to 24 gM (Fig. 3 and Table 1), and and Bean, 1988; Chen et al., 1992). This property,
GluR1 L577W/Q582T (Fig. 3 and Table 1) and GluRI together with their interaction with residue at the N-site
L577W/Q582N (Table 1) channels with efficacies rang- (and Q-site), make these drugs valuable probes to deter-
ing from 1.0 to 265 gM. The Hill coefficient for either mine the position of the receptor site within the mem-
GluR1 L577W/Q582N or GluRI L577W/Q582T and brane electrostatic field. Thus, we next compared the
for NMDAR channels was :< 1.0, consistent with the voltage-dependent drug blockade of NMDAR and
occurrence of a single binding site (Table 1). Notewor- GluR1 L577W/Q582T channels (Fig. 4). To illustrate this
thy, the GluR1 double mutant bearing an asparagine in set of experiments, we focus on the voltage-dependent
place of a threonine at the Q-site, L577W/Q582N, blockade exerted by memantine. As shown, the drug
exhibited 2-10-fold lower sensitivity to open channel reduced the glutamate or kainate-activated currents only
blockers (Table 1). This finding suggests that blocker at negative membrane potential (Fig. 4(A) and (B)). This
binding involves hydrogen bond formation between the is evidenced in Fig. 4(C) and (D), where IC50 of meman-
n,-group of the drug and the polar side chain at the tine binding is plotted as a function of the membrane
Q-site. Thus, an aromatic residue at position 577 and a potential. As the oocyte membrane is hyperpolarized, the
hydroxyl-containing amino acid at position 582 in M2 blocker affinity increases, indicating that the blocker
appear to be sufficient to create GluRI channels that moves into the pore electric field. Under these conditions,
are sensitive to blockade by chemically diverse, uncom- the fraction of unblocked response, f(Vm) = Iblocker/Icon-

petitive NMDA antagonists, with apparent affinities trol, is a function of the concentration of blocking drug,
approaching those characteristic of the NMDA [blocker], and the applied transmembrane voltage, Vm:
receptor. ICSO(Vm)

To further examine the involvement of these two f(V.) = (2)
positions on M2 in drug binding, we analyzed the [blocker] + IC5 o(V.)
consequences of the corresponding mutations in the M2 where IC5 0 (Vm) is the blocker's half-maximal blockade
segment of the NR1 subunit (Table 1). Mutations at at the transmembrane voltage Vm. According to the
N598 reduced the affinity by Ž 40-fold indicating that Woodhull model (Woodhull, 1973), the IC,, of a
the N-site is critical for drug binding, while the W-site, molecule with valence z binding to a site within the
W593, modulates blocker sensitivity. Note that both membrane electric field is described by the relation
positions contributed to form the binding pocket for (Woodhull, 1973; Ascher and Nowak, 1988; Zarei and
ketamine (Table 1), which is structurally related to PCP Dani, 1995; Kuner and Schoepfer, 1996; Premkumar and
(Fig. I(B)) (Ferrer-Montiel et al., 1995). These data Auerbach, 1996b):
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(zb VmF(3 of this site, Eq. (3) may be used to estimate the elec-
ICo(V) =IC 5 0(0 mV)x exp RT ) (3) trical distance of the drug binding site from the

where IC5 0 (0 mV) is the half-maximal block at Vm = mouth of the channel (Woodhull, 1973; Mayer et al.,

0 mV, 3 is the location of the energy barrier for 1984; Ascher and Nowak, 1988; Zarei and Dani,

block (i.e. the blocker binding site) expressed as a 1995; Kuner and Schoepfer, 1996; Kupper et al.,
fraction of the electrostatic field gradient sensed by 1996; Premkumar and Auerbach, 1996b). Occurrence

the blocking site (Woodhull, 1973). RT/F is a con- of a single binding site is supported experimentally by

stant of value 25.3 mV at 20'C. Considering the oc- a Hill coefficient, nH _< 1 (Table 1), and the absence

currence of a single binding site within the pore of significant multiple ion occupancy at negative
electric field and a negligible multiple ion occupancy membrane potentials is evidenced by the insensitivity

of the apparent blocker affinity to increments in the
extracellular concentration of permeant divalent
cations (data not shown). As illustrated for NMDAR
channels (Fig. 4(C)), the voltage dependence of IC5 0

NMDAR GluR1(L577W/Q582T) for the memantine block, in the voltage range of -

200 A B 80 to - 40 mV, is well described by Eq. (3), with
0 B - 0.77 and IC 50 (0 mV) - 3.1 p.M (Fig. 4(C), Table

100 10 AM Mem 2). The electrical distance for memantine binding is

0 1Zconsistent with that estimated for Mg 2 +, which also
SMm .C.• •binds to the N-site (Ascher and Nowak, 1988; Burna-

-100to V shev et al., 1992b; Kuner and Schoepfer, 1996; Kup-

-2 per et al., 1996; Premkumar and Auerbach, 1996b;
Sharma and Stevens, 1996). Hence, this analysis indi-

-30 -2500 eoftrl cates that memantine traverses partway through the
coftrol Imembrane electrostatic field to reach its binding site.

-40CL L 3O ,- -I --80 -60 -40 -20 0 20 40 -1-ao' . -o -40-20 0 0 The GluR1 L577W/Q582T channel (Fig. 4(B) and
Voltage (mV) Voltage (mV) (D)) and GluR1 L577W/Q582N (data not shown)

1.50 6-. fairly reproduced the voltage-dependent blockade ex-
.2C D D erted by memantine on NMDA receptors (Fig. 4(A)

1.25- and (C)): memantine blocked the KA-evoked current
exclusively at negative membrane potentials. As illus-

1.00/ 4- trated in Fig. 4(D), the voltage dependence of IC5 0 in
the voltage range of - 90 to - 50 mV was well-fitted~0.75- by3 '07 n

o by the Woodhull relation with 6 - 0.75 and IC50 (0
0.50 2 mV) - 15.4 mM (Table 2). More depolarized poten-

tials produced a significant deviation of the experi-
0.25 mental data from the Woodhull model, presumably

0.00 . . . .0 arising from the strong inward rectification exhibited
-04o -6o-0-50 -4Q -60 -0 -40 -60 -50 by this GluR1 mutant channel. The similarity of the

Voltage (mV) Voltage (mV) voltage-dependent blockade of GluR1 L577W/Q582T

Fig. 4. GluRi mutant channels mimic the voltage-dependence of the and NMDAR channels was substantiated by the data
memantine block on NMDAR. Voltage dependent blockade by obtained for dextrorphan, and dextromethorphan
memantine of the NMDA receptor (A) and the GluR1 L577W/ (Table 2). Intriguingly, ketamine blockade of the
Q582T double mutant (B). Current-voltage characteristics of re-
sponses elicited by 100 RM L-glu/20 ltM gly (NMDA receptor) or 500
RM KA (GIuRl mutant) in the absence (control) or presence (Mem) voltage dependence than that exhibited by the NM-
of 1 pM or 10 pM memantine, respectively. Oocytes were held at DAR suggesting the involvement of other NMDAR
- 80 mV (or - 100 mV for the GluRI L577W/Q582T mutant) and residues and/or subunits in ketamine binding. Taken
depolarized to 40 mV (or 20 mV for the GluRl L577W/Q582T together, these data suggest that GluR1 mutant recep-
mutant) in 2 s using a computer-controlled ramp protocol
(Pclamp5.5). Leak currents were obtained in the absence of agonist tor fairly approximates the voltage-dependent proper-
and subtracted from the elicited ionic currents. Traces are representa- ties of open channel blockers on NMDA receptors.
tive of a minimum of three oocytes. (C and D) IC 50 values of Because these drugs presumably hydrogen bond with
memantine blockade plotted as a function of the applied transmem- residues at the N-site and Q-site, these results imply
brane voltage. Solid lines depict the theoretical fit to the Woodhull p
model with a single-site, Eq. (3). The parameters of the best fit are that this key structural determinant is located deep
reported in Table 2. into the pore electrostatic field.
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Table 2
Electrical distances (6) of the blockade of NMDAR and GluR1 577W/Q582T channels by uncompetitive NMDA antagonists

Drug NMDAR GluR1 (L577W/Q582T)

IC 50 (0 mV) (ItM) IC50 (0 mV) (RM)

Memantine 0.77 +0.14 3.1 + 1.6 0.75 +0.02 15.4+4.6
Dextrorphan 0.51 + 0.06 0.46 + 0.07 0.68 + 0.05 47.9 + 11.9
Dextromethorphan 0.60 + 0.09 4.8 + 3.7 0.56 + 0.06 22.7 + 5.6
Ketamine 0.77 + 0.13 4.9 +1.7 0.24 + 0.02 46.9 + 10.9

Electrical distance (6) was obtained using the Woodhull model to describe the voltage-dependent drug blockade. IC5 . (0 mV) is the half-maximal
block at V. = 0 mV (Eq. (3)).

4. Discussion conjunction with their similar blockade properties on
GluR1 mutant and NMDAR channels, suggest that the

4.1. The GluRJ L577W/Q582N and L577W/Q582T permeation pathways of both receptors may be similar
channels emulate the pore properties of the heteromeric with just two mutations in M2 required to create
NMDA receptor GluR1 receptors exhibiting NMDA receptor-like pore

properties.
Our findings indicate that two sites in the M2 of The overall topology of the membrane domain of

GluR1 are critical to create channels that resemble the glutamate receptors, inferred from accessibility analysis
pore properties of the NMDA receptor. As summarized of N-glycosylation- or protease-sites used as specific
in Table 3, the GluR1 L577W/Q582N and L577W/ tags, suggests that M2 is a re-entrant loop surrounded
Q582T channels are blocked by PCP, MK-801, meman- by the transmembrane segments Ml, M3 and M4
tine, ketamine, amantadine, dextromethorphan, and (Hollmann et al., 1994; Taverna et al., 1994; Bennett
dextrorphan with apparent affinities that approximate and Dingledine, 1995; Wo and Oswald, 1995; Wo et al.,
those exhibited by the heteromeric NMDA receptor. 1995; Sutcliffe et al., 1996). A proposed secondary
The voltage-dependence of drug blockade is also reca- structure of M2 of NR1 and NR2A, consists of an
pitulated by the GluR1 L577W/Q582T channel (Fig. 4, ascending a -helix at the N-terminal half and a descend-
Table 2). The structural diversity of these drugs, in ing extended structure at the C-terminal half (Kuner et

Table 3
Pore properties of NMDAR, GluR1 L577W/Q582N and L577W/Q582T channels

NMDAR GluRi (L577W/Q582N) GIuRi (L577W/Q582T)

(a) Permeationa
Monovalent cations 1.2 1.3 1.1
Divalent cations 7.0 5.0 4.5

(b) I- V relationship Linear Linear Inwardly rectifying

(c) Channel blockadeb
Phencyclidine (PCP) 2.3 10-8 M 3.4.10-6 M 2.5.10-6 M
MK-801 1.8.10-8 M 3.8- 10-5 M 1.6 10-5 M
Memantine 0.3.10-6 M 1.3 10-5 M 1.3 10-6 M
Amantadine 2.4 10-5 M 26.0" 10-5 M 5.0-10-5 M
Ketamine 0.4.10-6 M 29.0.10-6 M 7.0- 10-6 M
Dextrorphan 3.0-10-' M 14.0. 10-6 M 8.0.10-6 M

Dextromethorphan 1.0 10-6 M 19.0. 10-6 M 8.0.10-6 M
Extracellular Ca

2
+ 1.7.10-4 M 1.5' 10-3 M > 1. 10-2 M

Extracellular Mg 2+ 1.5.10-5 M 1.0. 10-3 M 2.0 10-3 M

(d) Blocker binding sitec -0.65 -0.65 -0.65

(e) Subunit stoichiometry Pentamericd Pentamerice Pentamerice

(f) Oligomeric structure Heteromeric Homomeric Homomeric

' Relative permeabilities to monovalent (PK/PNa) and divalent (PCa/PNJa) cations, taken from Ferrer-Montiel et al. (1996).
b Concentration at which the drug and/or cations inhibited half of the maximal agonist-activated current.
C Fraction of the electrostatic field gradient across the ionic pore (Table 2).
d Value taken from Premkumar and Auerbach (1996a).
'Value taken from Ferrer-Montiel and Montal (1996).
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Absrat Troinephsphryatin f btuinu nurooxns Zn 2 --dependent metalloproteases that selectively cleave pro-

augments thieir proteolytic 'activity and thermal stability, tisnvleinartngndfioofpeypiceice
suggesting a substantial modification of the global protein' with the plasma membrane [1,4-6]. The result is induction of
conformation. We used Fourier-transform infrared (FTIR) nervedsucinb niiigC?ývkdnuornmte
spectroscopy to stud' changes of secondary structure and release.
thermostability of tyrosine phosphorylated botulinum neurotox- The long lasting paralytic effects exerted by BoNT in bot-
ins A (BoNT A) and E (BoN'T E). Changes in the conforma- ulism or in its therapeutic application suggest that these pro-
tion all v-sensitive amide I band upon phosphory lation indicated tisrehglsabenidnuosat370C. This stabilit%
an increase of the a-helical content with a concomitant decrease contrasts wvith the in vitro thermolability of pure BoNT im-
of less ordered structures such as turns and random coils, and pyn tutrldfeec~)btentei ioadi ir
without changes in fl-sheet content. These changes in secondary pyn tutrldfeec~)btentei ioadi ir
structure were accompanied by an increase in the residual amide rm [78.Ordsoeytatrsiepshryaon f
11 absorbance band remaining upon H-D exchange, consistent BoN1Ts increases both their catalytic activity and thermal
with a tighter packing of the phosphorylated proteins. FTIR and stability [7]. Suggests that significant changes in protein con-
differential scanning calorimetry (DSC) analyses of the dena- formation may ensue. as reported for the phosphorylation of
turation process showi that phosphorylated neurotoxins denature other proteins [9). We examined this question by FTIR spec-
at temperatures higher than those required by non-phosphoryl- troscopy to monitor structural changes produced by phos-
ated species. These findings indicate that tyrosine phosphoryla- phorylation of two neurotoxin serotypes, BoNT A and
tion induced a transition to hig ?her order and that the more BoNT E. and differential scanning, calorimetry to investigate
compact structure presumably imparts to the phosphorylated the effect on their thermal denaturation process. Tyrosine
neurotoxins the higher catalyt~ic activity and thermostability. phosphorylation of BoNT A and E increased their a-heli~x

9 1998 Federation of European Biochemical Societies. content, as evidenced from the conformationally-sensitive

Kev wiords: Protein structure: Protein foldin2: amide I bands [10]. The increment in structural order was
Metal lopro tease: Fourier transform infrared: Exocvtosis accompanied by an increase in the absorbance of the amide

____________________________________________ 11 band remaining upon H-D exchange, suggesting that the
phosphorylated neurotoxins are structurally more compact
and less accessible to the solvent than the non-phosphorylated

1. Introduction forms. Furthermore, the phosphorylation-induced structurail
change promoted a stabilization of the folded proteins that

BOtulinum neurotoxin (BoNT). considered the most potent wvas reflected in an increase in the temperature at, which the-
neurotoxin and tile sole Cause of the neu rcpa ra ]ytic disease phosphorviated neurotoxins denature.
botulism, blocks acetvlcholine release at the neCuromuscular
junction and thus produces flaccid paralysis in skeletal 2. Materials and methods
muclc~s [1.2]. Because of the extremely sele,:tive miode of ac-
tion~. inhibition of' n-arotreansmitter release. BoNT is novk an DCUterit.m7 oxide (D .0. 99.9', b% atom) w~as purchased from S:~--
important therapeu~tic: ag~ent in the treatment of several neur- a.Ccr)_i filtýr de. ~ice Bioma\-50K was from Millipore. BeJ-:
loc_;,al disorders associated With uncontrolled muscular con- fo~rd. NIA. U.SA. Re.com-inant Src kinase (specific activity 90000 1-'
traz:_:ons or spasms 1s m, as fr-.:n Lps:.-te B otechnolou . Lake Placid. N1Y. USA.

B 'NT (serot\ pes A -G) ;, prodUced b% thLe bacterium Ci.0- 1. hov,, s hM,4: B XNT A an, 1 E
hiasntT'iottulnio as t sin,_,,- chain of' 15!) k DL %%hich under- Bo\T A -nd E -;e-re runtied and t\ rosine phosphorylated as ct-

goe' proteolytic clea-..te '.ieldinu a full% active dichain pro s-cribed [7 1 *I 121 B jefi'. I nin"- of iwiroMtoins in 500 p1P of 'i0 r7.N

tein- composed of a lO,')kDa heavy chain (HC) and a 50-kDa HEPES (pH -4. m~t \ILCl-, I i-\l EGTA. 2 mNM dithiothrei..

lc:chain (ILC). linkeýd b%. a d isultide bond. The neu~roto, in f.;m\l ATP \ere incubate'd, %\ith Il *''tits of Src kinase for 90 min

firs- blinds to a 'peciýc neuronal surflace receptor. is interrnal-~os:r ~e. n r.povae nu~Oiýzpt atl -ýC l!. a'' \l_;on-pho-:,or\ kited neulrotoxin ref'-
izel; h\ receptor-mne.4ý,ted endocytosis. and the LC is tie 'Tc inrc l) mte 'riehspol t

tra-located to the c.%zosol. %%hcre it acts [*fThe LCs 'Ze mnitored \\ e -- n -n~mu-oblot',i-._ using a anti-phosphot~ ro:-..
mnocano it' bc (clon. ~G10. L BI) as described [71. To qua;-.-:.
,.rosinc pir ýh o. a, nol Pi 7no neurotoxin a 40- ul afic
o th ' ph - - tor\'_ .on reaition %%.i supplemented with ; uCi:

*C, ~pdi-!a.th,,. Fax: , 4) 6) ('65 So 80. ýPJ \TP .imJ( C: minolh Pnospho-.,Lited neurotoxins were c
al'errer U Urnhe.C phosphc. l~luo-: dite'- I SpinL~mnv Pierce) and washed w~ith I).

(Ji~c;'3,9sS1 i .- )S Federaiioit a!I EUropean,! Biochernica' Societii:! All ri''hiý '-r:,r~_
P1I -ioi14 - 57 vi' .n5



J.A. Encinar et aI.FEBS Letters 429 (/998) 78-82 79

phosphoric acid. PhosphocelIulose filters were immersed and equili-
brated in scintillation fluid and the radioactivity was counted. C

2.2. Infrarc'd sptctrosftopyiA
BoNTs aqueous buffer was exchanged for deuterated buffer by

subjecting the samples to two centrifugation cycles in a Biomax-50K
filter, followed by incubation in D,O-based buffer (10 mM HEPES
buffer. pH 7.0, 130 mM KCI, 30 mM NaCI) for 2 h at -20°C and.
thereafter, another round of centrifugation cycles. Each sample of
BoNTs (20 pl, at 8 mg/ml) was placed between a pair of CaF 2 win- / / -

dows separated by a 50-pm thick mylar spacer in a Harrick Ossining B 'D .
demountable cell. Spectra were recorded on a Nicolet 520 instrutmen't
equipped with a DTGS detector and the sample chamber was contin-
uously purged with dry air. A minimum of 600 scans per sample were
taken. averaged. apodized with a Happ-Genzel function and Fourier-
transformed to give a nominal resolution of 2 cm-' [!3]. Three spec-
tra at 20°C of each BoNT sample were recorded. Temperatture was ,_ _

kept constant with a circulating water bath. Contribution of buffer 1700 1650 1600 1700 1650 1600
spectra was subtracted and the resulting spectra used for analysis. Wavenumber, cm-'

2.3. Determinution o 'seco'thdtr structure components Fig. I. Tyrosine phosphorylation modulates the secondary structure

Protein secondary structure components were quantified from content of BoNT A and E. Infrared amide 1 band region of the
curve-fitting analysis by band decomposition of the original amide I original (A.B) and deconvoluted spectra (C.D) of BoNTA (A.C)

band after spectra smoothing [14,15]. Spectrum'smoothing was carried and BoNT E (B.D) from control (solid line) and tyrosine phos-

out applying the maximum entropy method, assuming that noise and phorylated samples (dashed line. Neurotoxins (S mgmI) were in
bandshape follow a normal distribution [14]. The minimum band- D2 0 medium prepared from 10 mM HEPES. pH 7.0. 130 mM KCI
width was set to 12 cm-i [14]. The resulting spectra possess a sig- and 30 mM NaCI. Spectra were taken at 20'C and corrected fr6m

n IR spectra was per- the buffer contribution by subtracting the spectrum characteristic of
nal/noise ratio better than 4500: 1. Derivation of th bufr sphree spetr weeaqurdforah'oTsape
formed using a power of 3. breakpoint of 0.3. and Fourier self- the buffer. Three spectra oere acquired for each BoNT sampn a.

deconvolution was performed using a Lorenztian bandwidth of is
cm-: and a resolution enhancement factor (k) of 2.0 [16,17]. To of IS cm-t half-width, and a resolution enhancement factor of 2.0.

quantify the secondary structure, the number and position of the
absorbance band components were taken from the deconvoluted spec- phorylated neurotoxins. At this phosphorylation stoichiome-
tra. the bandwidth was estimated from the derived spectra, and the try. both the LC and HC are similarly phosphorylated, and
absorbance height from the original spectra [14]. The iterative curve- the activity and stability of the neurotoxins is au-mented [7].
fitting process was performed in CURVEFIT running under Spectra-
Calc (Galactic Industries Corp.. Salem, NH. USA). The number. The original and the deconvoluted spectra of control and
position and bandshape were kept fixed during the first 200 iterations. phosphorylated BoNTs samples are shown in Fig. 1. Tyrosine
The fittings were further refined by allowing the band positions to phosphorylation of BoNT A and E notably affected the spec-
vary for 50 additional iterations. The goodness of fit between exper- tral shape of the amide I band (Fig. 1, dashed lines). Although
imental and theoretical spectra was assessed from the X2 values
(I x 10• 5-4.5x 10'). The area of the fitted absorbance band compo- phosphorylated neurotoxins show the maxima observed in
nents was used to calculate the percent of secondary structure [13-18]. non-phosphorylated samples. the relative intensities of specific

bands appear altered. suggesting that tyrosine phosphoryla-
2,4. Differential scanning calorhoetry tion modulates the relative content of secondary structura.

Differential scanning calorimetry (DSC) was performed on a Micro-
ca! MC-2 microcalorimeter. as described [19]. The difference in the
heat capacities between I-ml aliquots of BoNTs at I mg'ml (contained upon application of resolution-enhancement and band-na-

in the 'sample' cell of the instrument) and buffer alone ('reference' rowing techniques [14.15]. Band-narrowing deconvolution of
cedlj %%ere recorded by raising the temperature at a constant rate of the amide I band showed that BoNT A and BoNT E exhibi:
90-C/h. maxima at approximately 1690. 16S0. 1668. 1652, 1640. 163.1

and 1615 cm- t . Whereas :te 1615-cm-t component corre-

3. Results and discussion sponds to amino acid side chain vibration. all the other max-
ima are asstined to vibration of the carbonyl group in peptid:

3.1. The helical content olIBo.NTs increases up,;: bonds wi:hin different secondarv structural motifs [10]. Th._

pltusphvhylc:.iun 16S'-cm-- component is assigned to P-structure, the 16-'-
The conform.:tionally-sensitive amide I infrared absorbance cn7-- component to random.-, structure, the 1652-cm- t comp:-

band of BoNT A and E after tyrosine-specific phosphoryla- nen: to c.-helix, the 169,- atnd 1668-cm- t components
tion -- 0.5 mo, Pi/mol toxin) were compared %.ith non-phos- turns. ar.d the 165Ž0-cm-: :a.nd includes contributions fro.-.

Tab'e I
De:n_-uration temperatures of non-phosphorylated ar." phosphorlated BoNTs

BoNT A BoNT E

Control Phwc :?horylated Control P.-. sphor-. kated

T ,ýC) DSC 51.1 :. 50.5
T ,:CW FT-IR 50.5 z 5-

De.:uratin: temperatltres %%ere obtained from. ti.: DSC thermograms as t-"e tem_-ternture az 'shich "?.; :rmt::,on endotherm peaks [27.2"
Be;..e o: the n.eed of large amounts of protein fo. DSC analysis. measures cc:.esp,:.nd to a sinele expen-:ent:.
Den._:uratiorn tem.peratures correspond to the inre\:.n point of the sigmoidal c:rse ,.&-tined i' hen the cK..e:in the \idth at half-hei2ht of
.•.,e I abý,-'%n,:ce band are plotted as a function o" :-e temperature (Fig. 4). \.d:aes c,:.:re.pond to three i:en.en. measurements. Experimen._

errr i - -07 F
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turns as well as from the (O,rt) P-sheet vibration band [10,20-
22]. The secondary structures of non-phosphorylated and m.,B
phosphorylated BoNTs were quantified using a maximum en-
tropy method that reduces spectral noise providing a more
accurate estimate of secondary structure [14.15]. Fig. 2 illus-
trates band-fitting analysis of the original amide I band of .
non-phosphorylated BoNT A (Fig. 2A) and BoNT E (Fig. - - --

2B) and the corresponding phosphorylated species (Fig. 70"C
2C.D). Note that BoNT A shows a higher content of a-helix
than BoNT E (Fig. 2E), consistent with other reports [23]. - -
Upon phosphorylation, the ct-helix content of BoNT A in- -, -
creased from 36% to 50% (Fig. 2E), and for BoNT E it aug- ,
mented from 26% to 43% (Fig. 2E). This increment in a-hel- * .- - --

ical structure was concomitant with a =40'!", decrease.in less 23 *C
ordered structures such as turns (1668 cm-') and/or random
coils (1640 cm-'), without altering the O-sheet content (Fig. 1575 1550 1525 1575 1550 15'25
2E). Therefore, these findings indicate that tyrosine phospho- Wavenumber,cm-'
rylation promotes a'disorder-to-order transition in the neuro- Fig. 3. Tyrosine phosphorylation of BoNT A and E promo:es
toxin structure. tighter packing. Phosphorylation-dependent changes in the amide II.(1595-1525 cm-' region) band of BoNT A (A) and BoNT E (B)

maining upon H-D exchange. Solid lines denote non-phosphoryla:ej
samples, and dashed lines indicate tyrosine-phosphorylated proteins.
H-D exchange was carried out by 2-h incubation of samples in
DO-based buffer followed by two washes with Biomax-50K cen:-i-
fugal filters. The IR spectra were recorded in D20 medium at t-e
indicated temperatures during a heating cycle of 2.5 h. Protein con-
centration was 8 mg/ml. Contribution of buffer spectrum was sub-
tracted.

3.2. The compactness of the BoNTs increases upon170Wavotm•, W1--50m. 1or0 1700osphorbylation
W b-,CM4 • WaHnumndngi 9hianth

The amide II band in proteins originates primarily from N-
13 D H bending in the peptide backbone [24,25]. Its residual inter>

sity remaining after D20 exchange arises from those NH
groups unable to undergo H-D exchange and, therefore. ;-
reports on the inaccessibility of the protein core to the solve.=:
which, in turn, indicates the compactness of the protei-

700 160 1600 1700 160 10 [24.25]. Replacement of H20 by D.20 from the non-phls-
Wav,,umbe-,=4 Wz•mi'ber, phorylated neurotoxin resulted in the virtual disappearance

of the amide II absorbance band centered at 1550 cr-.--
E Sol (Fig. 3, lower panels. solid lines). Phosphorylated species.

however, exhibited a substantial residual amide II band ---
40. i 0*IE IE"E sorbance (Fig. 3, lower panels. dashed lines), which par:::.

Si-*,,,, remained even after heatinq at 70'C (Fig. 3. upper panels

These results indicate a hindrance of H-D exchange in ph:
20 '-'- phorylated BoNTs, presumably because of the increased cc 7.-

paz:ness of the structure. Taken together, the spectral chan.:>
10- in the amide I and the amnde I1 upon phosphorylation sug---:

_ _ _ _ _tha: the non-exchangeable hydrogens correspond to those

"Tu•rm % vo'ved in the newly generated u.-helical structure.
Amide I band components

Fig. I T roine phosphor- lation t:-crc,.:, t:,e ereent of ct-helix S... The thermal stahi-it; 41BoNTs incases upon
secondary structure. Band-fitting unalx,- o,, t-.e infrared amide I phosphorjhttion
band of BoNT A (A.C) and BoNT E (B.D; fron': control (A.B) and Non-phosphorylated neurotoxins displayed minor alter:-
phosphorvlated samples (C.D). Each pane .ho: representative re- tio:.s on the spectral shape of the amide I band upon incre_--
suit, fron b.nd-fittingz analysis of B',NT- -econ.L:r structure. The in• the tem
dis,:,ntiaL-ou, trace, superimposed on t!:. spectra. denotes p
the theoretic.:! curve resulting from *.ic.::c :. of all individual tra_*,. for tyrosine-phosp.Ž:rylated BoNTs the appearance
components. which are displayed a, tu,- .: ::---:-:'-utions under the t%.,. components at 161S .o:id 1685 cmn- (Fig. 4. dashed li.e
spectra. E: Calculated percentage> . .ý :z:. components 01o w'.hh correspond to in:e.-actions between extended chl:i-.-.
the ,econda:. structure of contrn. a:',_ :nr e phosphorylated wa_- detected. This obser%.:.tion has been interpreted as a c:-.-
BoNT A ar-d BoNT E. Secondr. t1_.:.. nts were calcu-
klted b% band decomposition and : :% t :- -e original amidc secuence of aggregatio:n of thermally unfolded pro:z:.-.
I band after spectra smoothing [ 1.5 n :tions were as in [13.25-27]. The heat-ind_.ced denaturation process was
legend to Fie. 1. versible ais evidenced b\ the lack of recovery of the ir.::.-.
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2-3°C of the melting temperature (Table 1). These findings

A B indicate that tyrosine phosphorylation of botulinum neuro-
"toxins induces a conformation characterized by higher ther-

/ \ mostability.

70.5 OC 3.4. Structural basis" o' the fimctional modulation of BoNTs by
I, ~ 70.5 ' 'tyrosine plzosplzoi-ylation

/1/ \ \Our findings show that tyrosine phosphorylation induces a
63.5 •C disorder-to-order structural transition characterized by a sig-
56.4 C / nificant increase in ct-helical content with a decrease in less

/,/ 48.9 OC / ordered structures. Consequently. phosphorylated BoNTs ex-

, 42.1 *C a-/ hibit tighter packing than the non-phosphorylated species and
-, / 855c / .denature at temperatures higher than those required for non-

""3 OC / phosphorylated neurotoxins. The induction of structural order

28.9 OC favors side chain interactions by hydrogen bond formation.

"______ _ 22.8 *C _ _____ an enthalpic gain. Higher order also augments the compact-
170 16450 1660 1700' 140 1660 ness of the protein, which presumably decreases the numberC Wa=ub. cm- of cavities, an entropic gain [9.29]. This mechanism to increase

protein stability resembles that proposed to account for the
0.o84,T* -., extreme stability of thermophile enzymes. which are highly

0 .8 f E-=y.T• f -ordered and tightly packed structures [30]. We suggest that
S0.6- the more compact structure may account for the augmenta-

tion of the LC catalytic activity produced by tyrosine phos-
0.2. phorylation [7]. However. we cannot exclude a contribution of

the HC to the structural changes observed in this study.
0.01 Hence, additional studies are needed to determine the struc-

40 50 60 70 tural modulation of each neurotoxin chain by tyrosine phos-
Temperature (*C) phorylation.

Fig. 4. Tyrosine phosphorylation increases the thermostability of Acknowledgements: This work was supported by grants from the
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STRUCTURE, DYNAMICS AND CONFORMATIONAL CHANGE
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Conformational Changes of a Channel-Forming Peptide from the CRYSTALLIZATION AND MAD-PHASING OF THE

Translocation Domain of Botulinum Neurotoxin as Detected by FUNCTIONAL DOMAINS OF APOLIPOPROTEIN E M.Forstner,

Circular Dichroism Michael P. Byrne, Mauricio Montal, Jaume Canaves, C.Peters-Libeu. B.Segelke, S.Trakhanov, M.Knapp, Y.Newhose
and Frank J. Lebeda. USAMRIID K.Weisgraber, B.Rupp. Lawrence Livermore Laboratory and Gladstone Inst.

A channel-forming peptide from the translocation domain of botulinum neu- for Cardiovascular Disease -

rotoxin serotype A (residues 659-681) (Montal et al., 1992 FEBS, 313:12-18) Apolipoprotein E (apoE) plays a key role in cholesterol metabolism serving as
was investigated by circular dichroism. When the peptide was titrated with the a ligand for members of the low-density lipoprotein (LDL) receptor family. Ge-
helix-stabilizing reagent 2,2,2-trifluoroethanol (TFE) from 10-60% at pH 7.0, netic variants of apoE are associated with both atherosclerosis and Alzheimer's
the secondary structure changed from primarily random coil with some beta- disease. Thus, two of the most prominent causes of death in Western society are
sheet to a mixture of beta-sheet and helix. The resulting set of titration spectra linked to this molecule. We have investigated the structures of the wild-type

revealed a lack of an isodichroic point, suggesting this peptide may be obey- apolipoprotein (apoE3) and fragments of the protein, corresponding to the N-

ing a multistate folding mechanism. However, at pH 3.3, the peptide adopted and the C-terminal structural domains (22k and 10k, respectively). The 22k

primarily a beta-sheet conformation at TFE concentrations below 30%, but domain contains the LDL receptor-binding domain, whereas the 10k domain

at 40% TFE an abrupt conformational change occurred revealing the peptide contains the major lipid-binding elements and is responsible for the oligomeri-

had adopted a primarily helical structure. To determine the effect of pH on sation of apoE, which exists as a tetramer in the lipid-free state. All proteins
conformational change of this peptide, a pH titration was perfomed. Results were obtained as recombinant native and seleno-methionine containing proteins
showed the peptide changed conformation from primarily random coil to pri- for use in MAD-phasing. Crystallization trials routinely employed the hanging

marily beta-sheet at approximately pH 6.0. This set of spectra revealed an drop vapor diffusion method at room temperature or 4VC. Thus far, we have

isodichroic point at 211 am suggesting that under these conditions the peptide obtained diffraction quality crystals of the 22k domain of the three common

is following a two-state transition from coil to beta-sheet. The charged residues isoforms (apoE2. E3 and E4), improving on the resolution of existing data sets,
present in the peptide are two glutamates whose pKas as free amino acids in and several mutants that display LDL receptor-binding defects. The structures

aqueous solutions are 3.5-4. Since the transition occurred at pH 6, the gluta- of apoE3 and apoE2(D154A) have been solved and the other structures are
mate residues may reside in a hydrophobic environment. Because this peptide currently in different stages of refinement. Two different variants of the 10k
is only 23 amino acids long, it can be reasoned that the beta-sheet structure C-terminal fragment have also been crystallized and diffraction quality crystals
formed was caused by intermolecular interactions due to peptide association, have been obtained.

363-M 364-T
NMR STRUCTURE AND BACKBONE DYNAMICS OF THE PROTEOLYTIC STUDIES INDICATE NOVEL TOPOLOGY FOR
CX3 C CHEMOKINE DOMAIN OF FRACTALKINE THE GLYCINE RECEPTOR. John Leite.
Laura S. Mizoue. J. Fernando Bazan, and Tracy M. Handel. U. C. Berkeley, Andrew Amoscato and Michael Cascio. University of Pittsburgh School of
Berkeley, CA 94720 Medicine, Pittsburgh, Pa 15219

Chemokines (chemoattractant cytokines) help direct the migration of leuko- The glycine receptor (GlyR), an inhibitory neurotransmitter receptor, is a
cytes in the immune response and are believed to play key roles in both normal member of the ligand-gated channel superfamily. The current topological model
host defense and the pathogenesis of a variety of diseases including cancer, for GlyR postulates a large extracellular N-terminal domain and four transmem-
atherosclerosis, abnormal inflammation, and AIDS. Most chemokines are small brane a-helices. Recent circular dichroism analysis (Cascio ef al., submitted)

(8-12 kDa), secreted proteins that belong to one of 3 classes (CXC, CC, or C, estimates the u-helical content of GlyR to be significantly lower than that
depending on the number and arrangement of N-terminal cysteines. Recently. a required by this model. This study tests the current topological model by
fourth type of human chemokine was identified. The protein, called fractalkine limited proteolysis. Homomeric channels composed of GlyR o subunits were
has a unique CX 3C spacing of the characteristic motif and is membrane-bound overexpressed using a baculovirus system, purified and reconstituted into lipid
with a chemokine module attached to the membrane via an extended mucin- vesicles of defined composition. Proteolytic enzymes were used to probe GIyR

like stalk. We have determined the solution structure and backbone dynamics for regions susceptible to cleavage, followed by ultracentrifugation to separate
of the N-terminal chemokine domain (residues 1-76) of fractalkine using mul- soluble from membrane-associated peptides. Digests were analyzed by a combi-
tidimensional. heteronuclear N.MR spectroscopy. We show that the protein is nation of mass spectrometry (MIS) techniques including MALDI-TOF, capillary
monomeric and compare its structure to those from both CXC and CC families, reverse-phase HPLC on-line with electrospray ionization MS and tandem MS.
Our results show that the small difference in cysteine spacing leads to distinct The analysis has yielded a wealth of peptides which were assigned to the GlyR
structural differences for this chemokine family. amino acid sequence by molecular mass. Assignments were confirmed by frag-

mentation spectra analysis and/or chemical modification. We have identified

membrane-associated domains within the GlyR sequence, previously thought
to be soluble. In addition. proteolytic cleavages have been detected within the

postulated transmembrane domains. These results suggest a new topological
model characterized by the presence of membrane-associated peptides too short
to be membrane-spanning o-helices.

365-S 366-M
Probing the Structure of Rhodopsin by Cysteine Scanning Structural study of copper-oxidized low density lipoprotein
Mutagenesis and Disulfide Cross-linking Mary Sýruthers. Hongbo Yu. C. Steve Huang. Pig Research Institute Taiwan
Masahiro Korn. Daniel Oprian. Department of Biochemistry and the Volen Porcine plasma low density lipoprotein has been oxidized in vitro at different
Center for Coznlex Systems. Brandeis University. Waltham MA. 02254 copper concentrations and analysed by III N.\IR spectroscopy and by circu-

Rhodopsin is a well-studied member of the superfamily of G-protein couple- har dichroism. We found that: 1) there was structural alternation of protein
receptors (GPCR ý. which are integral membrane proteins consisting of seve- moities: 2) this alternation could be characterized by N.MR and CD; Results
trausmembraae spanning (TM) segments. Cysteine scanning mutagenesis arcd indicated that conformational change could contribute to the atherogenic prop-
disulfide cross-'nking have been used to probe the structure of rhodopsin in ths erty of oxidized LDL.
fifth and sixth :ransmembrane segments. Mutations were performed in a spil-
receptor (SRI-; 6-7) consisting of non-covalently associated N-terminal (T.M :-
5) and C-terminal (TM 6-7) fragments, which enabled facile detection of dis,--
fide bond forma:ion in a mobility shift assay using non-reducing SDS-PAGE..A
mild oxidation strategy involving treatment of dark state split-rhodopsins at ph
8.0 was employed to promote cross-linking. A series of cysteine substitutioL.
in TM5 were evaluated for the ability to cross-link with cysteine mutations
TM6. A single cysteine mutation in TM6 selectively cross-links with cysteirne
introduced at positions spaced at i and i+4 in T%15. indicating tertiars i-.-
teractions between these sites. This helical pattern of cross-links for T.\I5 s:
not maintained by mutants containing cysteine replacements in the proposp-
extracellular loop region between T\14 and T\MS. At least one cross-link÷:
rhodopsin acti.-ates the G-protein transducin at a rate similar to that of t"
wild type spli-. receptor, indicating that cross-linking of TM5 and TM.6 in t'-.
region does not restrict the light-induced conformational changes required f.-
receptor activation.
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PEPTIDES THAT MIMIC THE CARBOXY-TERMINAL DOMAIN OF SNAP-25 BLOCK
ACETYLCHOLINE RELEASE AT AN APL YSIA SYNAPSE

J.P. Apland*l, J.A. Biserl, M. Adler1 , A.V. Ferrer-Montiel2 , M. Montal 2, and M.G. Filbertl

lNeurotoxicology Branch, USAMRICD, Aberdeen Proving Ground, MD 21010-5425, and
2Dept. of Biology, UCSD, La Jolla, CA 92083-0366

ABSTRACT

Botulinum neurotoxin serotypes A and E (BoNT-A and BoNT-E) block neurotransmitter
release, presumably by cleaving SNAP-25. A 20-amino acid peptide called ESUP-A (for
excitation-secretion uncoupling peptide) spans the cleavage site for BoNT-A and mimics the
carboxy-terminal domain of SNAP-25. Gutierrez et al. (FEBS Lett. 372:39, 1995) showed that
this peptide inhibited transmitter release from permeabilized bovine chromaffin cells, apparently
by blocking vesicle docking (Gutierrez et al., J. Biol. Chem. 272:2634, 1997). Two similar
peptides that span the cleavage site for BoNT-E, one with 20 amino acids and one with 26
(named ESUP-E20 and ESUP-E26, respectively), have also been synthesized. ESUP-E26 is
reported to be much more potent than is ESUP-E20 in chromaffin cells. These three peptides
were tested for effects on acetylcholine (ACh) release at an identified cholinergic synapse of
Aplysia neurons.

Recordings were obtained from isolated buccal ganglia of Aplysia. The presynaptic
neuron was current-clamped and stimulated electrically at 0.1 Hz to elicit action potentials. The
postsynaptic neuron was voltage-clamped, and evoked inhibitory postsynaptic currents (IPSCs)
were recorded. ESUPs were pressure-injected into the presynaptic neuron, and their effects on
the amplitude of the IPSCs were studied. ACh release from presynaptic cells, as measured by
the amplitudes of IPSCs, was gradually inhibited by the peptides. ESUP-A, ESUP-E20 and
ESUP-E26 were about equally effective in reducing evoked responses. All peptides caused about
40% reduction in IPSC amplitude in 2 hr. Random-sequence peptides of the same amino acid
composition as ESUP-A and ESUP-E26 had no effect. These results suggest that ESUPs
compete with the intact SNAP-25 for binding with other fusion proteins, thus inhibiting
exocytosis of neurotransmitter. Production of peptide fragments by BoNT-induced cleavage of
synaptic proteins may therefore indirectly contribute to inhibition of neurotransmitter release.
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BOTULINUM NEUROTOXINS: MODULATION OF PROTEASE AND CHANNEL
ACTIVITIES BY TYROSINE PHOSPHORYLATION

A.V. Ferrer-Montiel, M. Oblatt-Montal, J. Canaves, and M. Montal

Department of Biology, University of California San Diego,
La Jolla, California 92093-03.66

ABSTRACT

Clostridial neurotoxins metalloprotease domain selectively cleaves proteins implicated in
the process of synaptic vesicle fusion with the plasma membrane and, accordingly, blocks
neurotransmitter release into the synaptic cleft. However, protease activity alone cannot explain
the in vivo long term effects of botulinum neurotoxins nor the potentiation of its neuroparalytic
action by elevations of intracellular calcium and nerve stimulation. This discrepancy between in
vitro and in vivo effects could be resolved if once internalized, the neurotoxins were subjected to
modulation by intracellular cascades triggered by environmental signals which in turn may alter
its activity on target substrates. We discovered that the nonreceptor tyrosine kinase Src
phosphorylates botulinum neurotoxins A, B and E [1]. Specific protein tyrosine
phosphorylation of serotypes A and E dramatically increases both their catalytic activity and
thermal stability, while dephosphorylation reverses the effect. This suggests that the biologically
significant form of the neurotoxins inside neurons is phosphorylated. Indeed, in PC 12 cells in
which tyrosine kinases such as Src and PYK2 are highly abundant, stimulation by membrane
depolarization in presence of extracellular calcium induces rapid and selective tyrosine
phosphorylation of internalized light chain, the metalloprotease domain, of botulinum toxin A.
Tyrosine phosphorylation of botulinum toxin A heavy chain, the channel-forming domain [2],
appears to stabilize the conductive state of the channel with minor modifications of the single
channel conductance. These findings provide a conceptual framework to connect intracellular
signaling pathways involving tyrosine kinases, G-proteins, phosphoinositides and calcium with
the action of botulinum neurotoxins in abrogating vesicle fusion and neurosecretion.

1. Ferrer-Montiel, et al. J. Biol.Chem. 271:18322-18325, 1996.
2. Oblatt-Montal, M., et al. Protein Sci. 4:1490-1497, 1995.

The collaboration of Bibhuti R. DasGupta is acknowledged.

This work was supported by the U.S. Army Medical Research and Materiel Command under
Grant DAMD 17-93-C-3100.

190



FEBS Letters 435 (1998) 84-88 FEBS 20774

The 26-mer peptide released from SNAP-25 cleavage by botulinum
neurotoxin E inhibits vesicle docking

Antonio V. Ferrer-Montiell, 2 ', Luis M. Gutidrrezb, James P. Aplandc, Jaume M. Canavesa,
Anabel Gilb, Salvador Viniegrab, Jennifer A. Biserc, Michael Adler', Mauricio Montala,*

aDepartment of Biology, University of California San Diego, 9500 Gilman Dr, La Jolla, CA 92093-0366, USA
bDepartamento de Neuroquimica, Instituto de Neurociencias and Facultad de Medicina, Universidad Miguel Herndndez, San Juan, Spain

cNeurotoxicology Branch, U.S. Army Medical Research Institute of Chemical Defense, 3100 Ricketts Point Road, Aberdeen Proving Ground,

MD 21010-5425, USA

Received 3 August 1998

Abstract Botulinum neurotoxin E (BoNT E) cleaves SNAP-25 branes [1-5]. Clostridial neurotoxins are metalloproteases that

at the C-terminal domain releasing a 26-mer peptide. This cleave specific components of the v-SNARE and t-SNARE

peptide product may act as an excitation-secretion uncoupling and abolish neurotransmitter release. Botulinum neurotoxins

peptide (ESUP) to inhibit vesicle fusion and thus contribute to (BoNT) B, D, F, and G, and the structurally related tetanus
the efficacy of BoNT E in disabling neurosecretion. We have toxin specifically cleave VAMP at different sites [6,7]; BoNT
addressed this question using a synthetic 26-mer peptide which A and E cleave SNAP-25 at the C-terminus [8,9], and BoNT
mimics the amino acid sequence of the naturally released peptide, C cuts syntaxin and SNAP-25 [10,11]. Proteolysis of each of
and is hereafter denoted as ESUP E. This synthetic peptide is a these substrates produces a truncated protein and releases a
potent inhibitor of Ca2+-evoked exocytosis in permeabilized peptide product [6-11]. It has been proposed that these pep-
chromaffin cells and reduces neurotransmitter release from tide products may also prevent the formation of the core
identified cholinergic synapses in in vitro buccal ganglia of complex and thereby abrogate Ca2+-triggered exocytosis
Aplysia californica. In chromaffin cells, both ESUP E and BoNT
E abrogate the slow component of secretion without affecting the [12,13]. This hypothesis is supported by the finding that trun-

fast, Ca2+-mediated fusion event. Analysis of immunoprecipi- cated fusion proteins and synthetic peptides that mimic the
tates of the synaptic ternary complex involving SNAP-25, amino acid sequence of segments from synaptotagmin [14,15],
VAMP and syntaxin demonstrates that ESUP E interferes with SNAPs [16], synaptobrevin [17], syntaxin [18], Ca2 + channels
the assembly of the docking complex. Thus, the efficacy of [19], and SNAP-25 [12,13,20] are specific inhibitors of neuro-
BoNTs as inhibitors of neurosecretion may arise from the secretion. In particular, a 20-mer peptide encompassing the C-
synergistic action of cleaving the substrate and releasing peptide terminal domain of SNAP-25 blocked exocytosis by inhibiting
products that disable the fusion process by blocking specific steps vesicle docking in permeabilized chromaffin cells [12,13]. The
of the exocytotic cascade. term ESUP (excitation-secretion uncoupling peptide) was

© 1998 Federation of European Biochemical Societies. coined to highlight this inhibitory activity [12]. Although these
Key words: SNARE hypothesis; Neurosecretion; Exocytosis; results suggest that peptide products resulting from substrate
Synaptic transmission; Protein-protein interaction cleavage by BoNTs may block vesicle fusion, experimental

support to substantiate this notion is still limited.
Here, we show that a 26-mer peptide corresponding to the

amino acid sequence of the peptide product released by BoNT
1. Introduction E cleavage of SNAP-25, referred to as ESUP E, efficiently and

selectively blocks Ca2+-evoked exocytosis in chromaffin cells
A widely held view considers that the process of vesicle and neurotransmitter release in Aplysia cholinergic synapses.

fusion with the plasma membrane which occurs during neuro- Our results are consistent with the notion that ESUP E pre-
nal exocytosis is mediated by SNARE proteins [1-5]. This vents vesicle docking by interfering with the assembly of the
family of membrane proteins provides a specific means of synaptic ternary complex formed by SNAP-25, VAMP and
pairing vesicles (v-SNAREs) with target (t-SNAREs) mem- syntaxin.

2. Material and methods
*Corresponding author. Fax: (1) (619) 534-0931.

E-mail: montal@biomail.ucsd.edu 2.1. Reagents
[3H]Noradrenaline was from DuPont-NEN (Boston, MA). t-Boc

1A.V.F.-M. and L.M.G. contributed equally to this work. and Fmoc amino acids, with standard side chain protecting groups,
were obtained from Applied Biosystems (Foster City, CA), NovaBio-

2 Present address: Centro de Biologia Molecular y Celular, Universidad chem (La Jolla, CA) or Peninsula Laboratories (Belmont, CA). Sol-
Miguel Herndndez, C/ Mon6var s/n, 03206 Elche, Spain. vents, reagents and resins for peptide synthesis were obtained from

Applied Biosystems (Foster City, CA), Percoll from Pharmacia, col-
Abbreviations: BoNT, botulinum neurotoxin; SNAP-25, synaptoso- lagenase (EC 3.4.24.3) from Boehringer Mannheim (Germany), anti-
mal associated protein of 25 kDa; ESUP, excitation-secretion SNAP-25 mAb (clone SM81) from Sternberger (Baltimore, MD),
uncoupling peptide; VAMP, vesicle associated membrane protein; anti-syntaxin mAb (clone HPCI) from Sigma (St. Louis, MO) and
SNARE, SNAP receptor; v-SNARE, vesicle-SNARE; t-SNARE, anti-VAMP Ab from Stressgen (Canada). Agarose-conjugated protein
target-SNARE; NSF, N-ethylmaleimide-sensitive fusion protein; G was from Pierce (Rockford, IL). BoNTs were kindly provided- by
SNAP, soluble NSF attachment protein; IPSC, inhibitory postsynaptic Drs. B.R. DasGupta and M. Goodnough (University of Wisconsin).
current; ACh, acetylcholine All other reagents were of analytical grade from Sigma.

0014-5793/98/$19.00 © 1998 Federation of European Biochemical Societies. All rights reserved.
PI1: S0014-5793(98)01012-6
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2.2. Peptide synthesis and purification ature. ESUP E and ESUP EDI'm (5 mM) were dissolved in 600 mM
ESUP E (SNAP-25 [181 206]: IMEKADSNKTRIDEANQRAT- NaCi containing 1% (w/v) fast green FCF dye to aid in visualizing the

KMLGSG) and ESUP ERDRM (ESDNDTRAIKITQAGSMKRMGL- volume injected. The solution was air pressure-injected into the pre-
NAKE) were synthesized by Fastmoc Fmoc chemistries in an Applied synaptic cell by micropipette. A maximum pressure of 60 psi was used
Biosystems 431A automated solid-phase peptide synthesizer, cleaved to introduce an adequate volume of solution into the presynaptic cell
and purified as described [12,13]. as indicated by the appearance of intracellular dye. The volume of

solution injected was •<10% of the estimated cell volume, yielding a
2.3. Activation of BoNT E final intracellular peptide concentration •5100 gM. BoNT E concen-

The single chain BoNT E in 25 mM HEPES was converted to the tration in the micropipette was 3.3 jM.
'nicked' di-chain form by treatment with 0.3 mg/ml trypsin XI for
30 min at 37°C, followed by incubation with 0.5 mg/ml soybean tryp-
sin inhibitor for 15 min at room temperature. Aliquots of the nicked 3. Results and discussion
toxin were frozen at -80'C, then thawed and treated with 1 mM
dithiothreitol (DTT) immediately before use to expose the active site 3.1. A peptide mimicking the 26-aa peptide fragment released
of the light chain protease. by BoNT E cleavage of SNAP-25 blocks exocytosis

2.4. Chromaffin cell cultures and secretion assays Cleavage of the C-terminus of SNAP-25 by BoNT E re-
Chromaffin cell cultures were prepared from bovine adrenal glands leases a 26-mer peptide that may block neurosecretion

by collagenase digestion and further separated from debris and eryth- [12,13]. To test this hypothesis, we synthesized this 26-mer
rocytes by centrifugation on Percoll gradients as described [12,13]. peptide (ESUP E) and assayed the presumed inhibitory activ-
Cells were maintained in monolayer cultures at a density of 625 000
cells/cm 2 and were used 3-6 days after plating. All the experiments ity on CaO+-evoked catecholamine release from digitonin-per-

were performed at 37°C. Secreted [3H]noradrenaline was assayed in meabilized chromaffin cells. ESUP E blocked noradrenaline
digitonin-permeabilized cells as described [12,13]. The CPM released
from control cells under basal conditions was -3000, and increased
to -11 000 when stimulated with 10 VpM Ca2 +. The total number of T
counts obtained from detergent-permeabilized cells was -110000. 1 206
Thus, the normalized basal release represents 3.5% of the total secre-
tion, and the Ca2+-evoked component accounts for -10% of the
total. Statistical significance was calculated using Student's t-test ESUPE
with data from Ž-4 independent experiments. A

2.5. hmnunoprecipitation of the ternary complex 1.0-
SNAP-251VAMPIsyntaxin from solubilized rat brain synaptosomes 0)

Rat brain synaptosomes were prepared from brain cortices as de- s 0.8
scribed [21]. Synaptosomes (100 pg) were solubilized in radioimmu- 4 .

noprecipitation assay buffer (50 mM Tris-HC1 pH 7.4, 150 mM NaCl, • 0.6
1% Nonidet P-40, 0.25% deoxycholate, 1 mM EGTA, 1 mM NaF,
1 mM Na3VO 4 , 1 mM phenylmethylsulfonyl fluoride and 5 mM A gs.DM

60 0.4 AEiodoacetamide), incubated with or without 100 pM ESUPs for 2 h .0 ESUP E
at 40C, unless otherwise indicated. Insoluble material was removed by * ONT8
centrifugation at 10 000 Xg for 30 min at 4°C. Immunopurification of • 0.2. -. -N
the ternary complex SNAP-25/VAMP/syntaxin from the soluble ma- U it-1

3 
10-12 10.1 10t0 10-i 10 t 10-

7 
t10- 10-t 1

4 
10-

terial was achieved by using an overnight incubation with anti-SNAP- B [Drug] (M)
25 monoclonal antibody (I pg mAb/100 pg protein). Immunocom-
plexes were captured with agarose-conjugated protein G (100 pl, 10
50% slurry), and washed six times with 500 V1 of radioimmunopre-
cipitation buffer at 4°C. Immunoprecipitates were dissolved with 50 p1 :]. 8
of SDS-PAGE buffer, boiled 5 min, separated by SDS-PAGE and a
analyzed by immunoblotting. Blots were probed with the anti- 1 6
SNAP-25 mAb, an anti-syntaxin mAb and an anti-VAMP Ab. Bands "
were visualized using the ECL system, and quantified using the public 4 A OTO

domain NIH Image program version 1.57 [13]. Data are given as 8 CTmean ± S.E.M., with n (number of experiments) = 3. 2 0 ESUP E (10 gM)
Z U BoNTE (10nM)

0-
2.6. Inhibition of neurotransmitter release in Aplysia synapses 2 4 6 8 10

Experiments were performed with neuronal preparations from the Time (min)
marine mollusc Aplysia californica. Intraneuronal inhibition of nerve-
evoked release of acetylcholine (ACh) was measured at identified Fig. 1. ESUP E blocks Ca'+-dependent catecholamine secretion
cholinergic synapses of Aplysia buccal ganglia [22,23]. The ganglia from permeabilized chromaffin cells. Top: Schematic representation
were surgically removed and pinned to the Sylgard lined bottom of of SNAP-25 with the cleavage site for BoNT E. ESUP E represent
an acrylic chamber, and the connective tissue capsule was excised. The the peptide product (aa 181-206) released by BoNT E cleavage of
soma of identified pre- and postsynaptic cholinergic neurons were SNAP-25. Bottom: A: Concentration-dependent inhibition of Ca2+_
impaled with glass microelectrodes (2-4 MQ) filled with 2 M potas- evoked catecholamine release from pemeabilized chromaffin cells by
sium acetate. Action potentials were evoked in presynaptic neurons by BoNT E, ESUP E and ESUP EROAL. Net release is given as
suprathreshold depolarizing stimuli applied at 0.1 Hz. Neurotransmit- mean ± S.E.M. with n (number of experiments performed in tripli-
ter release was assessed by measuring the amplitudes of inhibitory cate) = 4. Solid lines depict the best fit to the logistic equation:
postsynaptic currents (IPSCs) in voltage-clamped follower neurons. B/B,, 1..=/(l+([blocker]/IC 5 0)'), where B denotes the extent of
Presynaptic potentials and postsynaptic currents were digitized and block, Ba represents the maximal block; IC50 denotes the concen-
stored on a personal computer using pClamp software (Axon Instru- tration of blocker (BoNT E or ESUP E) that produces half-
ments, Foster City, CA). Only responses that were not accompanied maximal block, and n is the Hill coefficient of the blocking activity.
by spontaneous activity were analyzed. The preparation was super- For BoNT E the values were IC50 = 1.8 ± 1.3 nM, n = 0.5; and for
fused continuously at a rate of 1 ml/min with artificial sea water ESUP E, IC50 = 250 + 75 nM, n = 0.6. B: Time course of the net
containing in mM: NaC1 480; KCl 10; CaC12 10; MgCI2 20; MgSO 4  noradrenaline release (Ca2+-stimulated minus basal) obtained in
30; NaHCO3 2.5; HEPES 10, at pH 7.8, maintained at room temper- presence or absence of 100 pM ESUP E or 10 nM BoNT E.
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release with an IC5 0 =250 + 75 nM, and a maximal inhibition 140
of ,- 70% (Fig. 1A). The ESUP inhibitory activity was similar
to that elicited by BoNT E with respect to maximal inhibition 1
(,-70%) but was - 140-fold less efficient (BoNT E CI 100
IC 50= 1.8 ± 1.3 nM). The sequence specificity of ESUP activity <

o 80was assessed by synthesizing a randomized version of the U)
peptide (ESUP ERll), which was proven inert in blocking 2 60
catecholamine release at concentrations up to 100 gM (Fig. Z
IA). 0 40

To identify the step of the exocytotic cascade blocked by 0 A ESUP ERDM

ESUP E, we investigated its activity on the kinetics of the 20 BoNT ESUPE
secretory process and compared it with that produced by 0 1
BoNT E (Fig. 1B). Permeabilized cells were incubated With -40 -20 0 20 40 60 80 100 120 140
ESUP E or DTT-reduced BoNT E for 5 min, and secretion Time (min)
was evoked by Ca 2+ pulses of different duration. Incubation Fig. 3. ESUP E and BoNT E inhibit IPSC amplitude in Aplysia
of permeabilized chromaffin cells with 10 gM ESUP E or buccal ganglion synapses. Active ESUP E (n = 10), the inactive ran-
10 nM BoNT E inhibited '- 60% of catecholamine release, dom sequence ESUP ElD"' analog (n=8), or BoNT E (n=7) were
primarily by altering the slow phase of secretion (Fig. IB), injected into the presynaptic neuron at zero time. IPSC amplitude
suggesting that the vesicle pools upstream of docking and was inhibited after injection of active ESUP E and BoNT E but not

priming steps are sensitive to the action of ESUP E and by injection of the inactive analog. Mean ± S.E.M.

BoNT E [24-26]. These data indicate that the 26-mer peptide
released by BoNT E cleavage of SNAP-25 is a potent and 3.2. ESUP E and BoNT E inhibit neurotransmitter release in
specific uncoupler of Ca±+-evoked exocytosis, and suggest Aplysia cholinergic synapses in vitro
that the efficiency of BoNT E to disable the fusion process Release of ACh by the presynaptic neuron in response to
may arise from the combined action of cleaving a protein electrically evoked action potentials was assessed from the
critical for the assembly of the fusion complex, and by releas- amplitudes of the evoked IPSCs in a voltage-clamped post-
ing a small peptide which, in turn, may interfere with the synaptic neuron. Fig. 2 shows superimposed action potentials
formation of the complex. and IPSCs in a typical experiment. ESUP E was injected into

the presynaptic neuron at zero time (top left panel), and the
resultant decline of IPSC amplitude is shown at three succes-
sive time points. The IPSC amplitude declined to 52% of the
control value 120 min after the injection of ESUP E. The
decrease of IPSC amplitude was gradual and incomplete, typ-
ically requiring 2 h to reach a stable value of 30-70% of the
control. The time course of the effect of peptides or toxin
injection on IPSC amplitude is shown in Fig. 3. BoNT E,
ESUP E or ESUP ErDl" were injected at time zero. The in-
crease of IPSC amplitude immediately following the injection
of ESUP ERD" was not considered to be significant since such

L increases were a frequent consequence of pressure injection of
0 min 25 min any compound, and IPSC amplitudes typically returned to

control values within 20 min. No further reduction of re-
sponses occurred in cells injected with the random-sequence
control peptide, whereas IPSCs in cells injected with BoNT E
and active ESUP E declined to a stable level over the ensuing
120 min.

The rate and extent of IPSC inhibition caused by BoNT E
was greater than that produced by ESUP E: the amplitude

io~v was attenuated by 50% in 28 min and by 90% in 120 min by
BoNT E, whereas inhibition by ESUP E was only 50% at 120

50 ms min. The more rapid and nearly complete IPSC decrement
caused by BoNT E supports the concept that the inhibition
caused by the toxin protease is a consequence of both a de-
crease in available SNAP-25 and an accumulation of cleavage
products.

45 min 80 min 3.3. ESUP E inhibits vesicle docking by interfering with the

Fig. 2. ESUP E blocks ACh release by the presynaptic neuron in a formation of the ternary complex comprising SNAP-25,
cholinergic synapse in Aplysia buccal ganglia. ACh release was VAMP, and syntaxin
monitored as the amplitude of the IPSC (lower trace) elicited by an Since the C-terminal domain of SNAP-25 binds tightly to
evoked action potential (upper trace) in the presynaptic neuron. Re-
cordings show the decrement of the IPSC amplitude after injection VAMP and syntaxin during vesicle docking, forming a highly
of ESUP E into the presynaptic neuron at zero time. stable ternary complex, it is conceivable that ESUP E blocks
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R'e (100 .tM) may be accounted for by its relatively low affinity
(Fig. IA). Nonetheless, the fact that a short peptide may

A ck" --f' - interfere with the assembly or stability of an SDS-resistant

Syntaxin complex is highly significant, and provides experimental sup-
port for the notion that ESUP E inhibits vesicle docking by

SNAP-25 preventing the formation of the essential ternary complex.

These findings suggest that ESUP E may compete with

VAMP-2 SNAP-25 for binding to VAMP and interrupt the ensuing
chain of protein-protein interactions that lead to vesicle fu-

B sion.
120-

SNAP-25 Z VAMP2 Syntaxin
3.4. Molecular mechanism of ESUPs biological activity

100oo.. The finding that the 26-mer peptide released from SNAP-25
cleavage by BoNT E mimics the inhibitory action of this

80neurotoxin on neurosecretion (Fig. 1), and on synaptic trans-
mission (Figs. 2 and 3), provides support to the tenet that

- "BoNTs abrogate vesicle fusion by the combined action of
E a 60- cleaving the substrate and releasing peptide products which

"0 0 -block the docking or/and priming steps of the exocytotic cas-
C 40 cade. The result that the ternary complex is specifically dis-
Z rupted by an excess of ESUP E (Fig. 4) supports this view.
T "The fact that the 20-mer ESUP A (SNAP-25 [187-206]:
S20- SNKTRIDEANQRATKMLGSG), corresponding to the C-

terminal sequence of SNAP-25, arrests the ATP-dependent
0 1maturation of the secretory granules and promotes the accu-

ESUP EROM ESUP E mulation of secretory vesicles near the plasma membrane is in

Fig. 4. ESUP E disrupts the interaction between SNAP-25, VAMP accord with this notion [13]. Recent studies implicate the C-
and syntaxin. A: Immunoprecipitates of the ternary complex terminal segment of SNAP-25 encompassing residues 180-196
SNAP-25/VAMP/syntaxin from rat brain synaptosomes incubated
without (Control) or with 100 jiM ESUP E or ESUP ERD

11 . Immu- in vesicle docking and in a late post-docking step [29,30]. Our
nocomplexes were analyzed using SDS-PAGE (4-20%) under non- finding that ESUP E is a more efficient inhibitor of neuro-
reducing conditions, and immunoblotted with an anti-syntaxin secretion than ESUP A supports this conclusion. Thus,
mAb, anti-SNAP-25 mAb and anti-VAMP Ab. B: Data of three ESUPs mimicking specific protein domains provide novel
different experiments were quantified by image analysis, and values tools to dissect their contribution to different steps of neuro-
normalized with respect to that of control. secretion.
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MODULATION OF SNAP-25-SYNTAXIN-VAMP COMPLEX FORMATION
AND STABILITY BY SMALL PEPTIDES
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Ca2+-dependent exocytosis is a highly regulated process in neural and endocrine cells. The SNARE model proposes that this

process rely on the specificity of protein-protein interactions between vesicular (v-SNARE) and plasma membrane (t-SNARE)

proteins. Thus, formation of stable protein complexes account for the efficiency and fidelity of vesicle docking and fusion. To

better understand the physical basis of complex formation, we have used peptide molecules that interfere with the formation of

the ternary complex between the vesicular protein VAMP (v-SNARE) and the plasma membrane proteins SNAP-25 and syntaxin

1 (t-SNARE). The results show that peptides patterned after the carboxy terminus of SNAP-25 prevent complex formation of

recombinant proteins and in a rat brain synaptosomal fraction. As a result, these peptides are potent inhibitors of Ca2+-dependent

exocytosis, emulating the action of botulinum neurotoxins. Thus, our results substantiate the notion that the C-end domain of

SNAP-25, specifically residues 170-197, are essential for efficient neurosecretion, and provide novel tools to dissect the

contribution of this protein region to the chain of protein-protein interaction events of the secretory pathway.
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